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Abstract 
 

 Metal nanoparticles, especially gold and silver, are currently among the most 

attractive nanomaterials due to their applications in various disciplines. The use of 

nanoparticles as building blocks offers an attractive bottom-up approach to produce 

new nanostructured materials with unique properties and applications. 

In this study, we have developed new and reproducible protocols to prepare 

gold and silver nanoparticles using various biological and chemical approaches. In 

particular, casein proteins were used for the synthesis of highly stable and 

biocompatible silver nanoparticles and spherical agglomerates. The silver particles 

produced by casein were tested for their pH-induced reversible agglomeration 

behaviour, cytotoxicity and cellular interaction by NIH/3T3 fibroblast cells. In 

addition, silver nanoparticles with enhanced antimicrobial activity were produced 

using a broad range disinfectant polyhexamethylene biguanide (PHMB) as a capping 

ligand. Moreover, peptide nano/ microfibers were also used for the synthesis of metal 

nanoparticles/ nanostructures. 

 In order to control the assembly of nanoparticles, we have used various 

templates; such as egg shell membrane and cellulose fibers (unmodified and 

chemically modified) to produce metal nanoparticle - organic template composite 

materials. Heat treatment of these composite materials led to the formation of metal 

microwires or membranes with interesting morphologies which may have useful 

applications in electronics and surface enhanced Raman spectroscopy. 

 The second part of this study deals with multilayered multifunctional 

polyelectrolyte capsules, which were formed by layer by layer assembly of 

polyelectrolytes around a sacrificial template. On removing the sacrificial template, 

hollow capsules containing free cargo of interest inside the cavities were obtained. It 

was possible to incorporate nanoparticles/ quantum dots inside the shell material to 

act as label during their microscopic studies. Most of all SNARF 

(seminaphthorhodafluor) based sensor capsules were used for real time monitoring of 

intracellular/ intralysosomal analyte (H
+
) concentration in the presence of different 

lysomotropic substances (Bafilomycin A1, Chloroquine, Monensin and Amiloride). 

The kinetics of these drugs was studied in a long term manner in living cells (MCF-7 

breast cancer cells). Bafilomycin A1 caused an irreversible increase in intralysosomal 

pH. Chloroquine caused an increase in intralysosomal pH; however after its removal 
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it gradually attained its baseline pH. Monensin also increased intralysosomal pH 

which remained high throughout its presence, but upon its removal intralysosomal pH 

attained baseline value very quickly. Amiloride did not show any effect on 

intralysosomal pH which remained constant throughout its presence in the cellular 

media. 
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Introduction 

 The study of manipulating matter on atomic and molecular scale is referred to 

as nanotechnology. Critically speaking about the dimensions of nanomaterials they 

should posses at least one dimension less than 100 nm. As when the materials reach 

this dimension, quantum mechanical effects become much more pronounced as 

compared to the bulk material. It is a very diverse field ranging from engineering and 

technology to molecular biology. New approaches for nanofabrication are usually 

based on molecular self-assembly. The materials or devices fabricated as a result of 

molecular self-assembly, based on template and templateless approaches, possess a 

vast range of applications in electronics, medicine, biomaterials and energy 

production thus representing interdisciplinary nature of nanotechnology (Jones et al., 

2011; Moghimi et al., 2005). An intersection of nanotechnology with biology is 

usually referred as nanobiotechnology (Gazit, 2007).  

 In the current study synthesis of metal nanoparticles (gold and silver), their 

template assisted self-assembly and some applications of these nanoparticles/ 

nanomaterials/ nanostructures have been evaluated. In the next section, I will try to 

introduce the synthesis of nanoparticles/ nanomaterials, their organization into various 

nanostructures, using various templates and the characterization of these materials.  

1.1 Synthesis of metal nanoparticles 

 Metal nanoparticles, specially gold and silver, are currently among the most 

attractive nanomaterials due to their enormous applications in electronics (Tripathi, 

2003), photonics (Wang and Asher, 2001), optoelectronics (Cui and Lieber, 2001), 

sensing (McFarland and Van Duyne, 2003), catalysis (Jana et al., 1999; Jiang et al., 

2005), antimicrobial products (Sharma et al., 2009; Sondi and Salopek-Sondi, 2004), 

pharmaceuticals (Ülkür et al., 2005) and therapeutics (Jain et al., 2009; Shao et al., 

2011). Most of these applications of nanoparticles are either due to their size and 

shape-dependent unique chemical and physical properties or the specific capping 

agent or ligand responsible for stabilization of these particles confers them with these 

significant applications/ properties (Evanoff Jr and Chumanov, 2005; Jiang et al., 

2005; Kiss et al., 2011; Krutyakov et al., 2008; Luo et al., 2008; Panigrahi et al., 

2006; Yang et al., 2007). The common pathways to produce aqueous sols of gold and 

silver include borohydride reduction (Qu et al., 2006), acrylate/citrate reduction 
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(Dong et al., 2009; Hussain et al., 2003; Lee et al., 2010; Xia et al., 2009), polyol 

process (Silvert et al., 1997; Wiley et al., 2004), microwave irradiation (Baruwati et 

al., 2009; Gao et al., 2005; Hu et al., 2008; Nishioka et al., 2011), the use of plant 

extracts and vegetable oils (Ali et al., 2011; Chandran et al., 2006; Krishnaraj et al., 

2010; Kumar et al., 2008; Li et al., 2007; Nadagouda and Varma, 2008), 

photoreduction (Marignier et al., 1985), amino acids (Hu et al., 2008) and vitamins, 

etc (Nadagouda and Varma, 2007).  

 The basic idea in all types of these methods for nanoparticles formation is that 

metal salt acts as precursor for the fabrication of nanoparticles which is reduced into 

metal nanoparticles using various reducing agents. The reduction step is usually in the 

presence of some capping/ stabilizing ligands which prevent the resulting 

nanoparticles from being aggregated by steric or electrostatic stabilization. In some 

cases the stabilizing ligand itself acts as reducing agent for nanoparticles formation. 

Moreover the synthesis of these particles may occur under aqueous environment 

(Kimling et al., 2006; Turkevich et al., 1951b) or they could be synthesized in organic 

solvent and then phase transfer into aqueous media for their biological applications 

(Brust et al., 1994; Jana and Peng, 2003).  

 In hydride based reducing agents for the synthesis of nanoparticles, lithium 

aluminium hydride (LiAlH4), lithium triethyl borohydride (Li(C2H5)3BH), lithium 

borohydride (LiBH4), and sodium borohydride (NaBH4) are worthy to mention 

(Prabakar et al., 2009). But the most commonly used among these is sodium 

borohydride, which is used extensively for size and shape controlled synthesis of gold 

and silver nanoparticles. 

 Citrate/acrylate based methods for the synthesis of nanoparticles usually have 

an advantage over borohydride based synthesis methods as these ligands serve both 

stabilizing as well as reducing agents for the size and shape controlled synthesis of 

nanoparticles. Among these methods citrate based reduction method is the most 

popular method for the synthesis of nanoparticles (especially gold nanoparticles). The 

major milestone in the synthesis of gold nanoparticles which we call now classical 

citrate reduction method was laid by Turkevich in 1951 (Turkevich et al., 1951a). His 

method was further improved by Frens (Frens, 1973) and since that time it is a famous 

standard method for the synthesis of gold nanoparticles. Recently Xia et al. have 

synthesized quasi-spherical gold nanoparticles having narrow size distribution in 

aqueous media by rapidly adding a mixture of solutions of HAuCl4, sodium citrate, 
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and a trace amount of silver nitrate into boiling water and obtained gold nanoparticles 

at much more higher nucleation and growth rate as compared to conventional citrate 

reduction method  (Xia et al., 2009). Lee et al. by means of citrate mediated growth 

mechanism have converted photomorphic silver nanoparticles from disks to prisms (a 

process of photoconversion). They have demonstrated that this shape evolution in a 

systemic fashion is basically a result that the growth process was confined to 

particular faces of growing nanoparticles (Lee et al., 2010). Dong et al. have 

developed a stepwise reduction method for the synthesis of spherical silver 

nanoparticles by using trisodium citrate as sole capping and reducing agent under 

boiling conditions (Dong et al., 2009). They have explored a range of pH values to 

find optimum conditions for the synthesis of silver nanoparticles and have proved that 

at alkaline pH values reduction potential of trisodium citrate was much more 

enhanced but due to higher reaction/ reduction rate they got a mixture of spherical 

silver nanoparticles along with silver nanorods. At acidic pH values due to slow 

reduction rate instead of spherical silver nanoparticles triangular or polygonal silver 

nanoparticles were formed. But when they switched from one step process for 

nanoparticles formation (having poor balance between the nucleation and growth 

process) to a stepwise process in which nucleation and growth of nanoparticles was 

separated by controlling the pH, they were able to form fairly spherical silver 

nanoparticles. So it is not only the reducing/ stabilizing agent which controls the 

shape and size of nanoparticles, but also other reaction parameters enhance or 

suppress the nanoparticles growth in some particular dimension by affecting the 

action of stabilizing/ reducing agent (Dong et al., 2009). Hussain et al. have used 

poly(sodium acrylate)  and sodium acrylate for the synthesis of 12-20 nm  gold and 

silver nanoparticles without any other additional reducing agent. They have used 

different molecular weights of poly(sodium acrylate)  to synthesize gold nanoparticles 

but sodium acrylate produced more uniform sized nanoparticles (having less size 

distribution) as compared to poly (sodium acrylate) (Hussain et al., 2003). 

 Polyols such as ethylene glycol in the presence of polyvinylpyrrolidone (PVP) 

(Silvert et al., 1997; Wiley et al., 2004) and 1,2- hexadecanediol as reducing agents 

(Liu et al., 2004a) were used for the size and shape controlled synthesis of metal 

nanoparticles/ nanostructures. Donati et al. have used alditol bearing chitosans as sole 

stabilizing and reducing agent for the synthesis of metal nanoparticles under mild 

conditions. Due to close arrangement of alditols (reducing agents) along the whole 
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backbone of polysaccharides silver nanoparticles having diameter less than 10 nm 

were formed having significant hydrogel formation and SERS activity (Donati et al., 

2009). Zhang et al. have synthesized gold nanoparticles using hyperbranched polyol 

dispersions. They have tried different generations of hyperbranched poly (amine-

esters) carrying hydroxyl terminal groups as protecting agents for the size and shape 

controlled synthesis of gold nanoparticles and also studied the effect of 

hyperbranching in the polymer on the size and shape controlled synthesis of gold 

nanoparticles (Zhang and Shou, 2011). 

 Plant extracts and vegetable oils are a rich source of different types of poly 

phenolic compounds/ antioxidants such as catechin and they are gaining significant 

interest from scientific society since the past few years for the synthesis of metal 

nanoparticles due to the easy availability, cost effectiveness of these compounds and 

are responsible for the green synthesis of metal nanoparticles. Kumar et al. have 

developed a strategy to synthesize antimicrobial paint by embedding silver 

nanoparticles inside the paint and vegetable oils inside the paint were responsible for 

the formation of these silver nanoparticles. The naturally occurring oxidative drying 

process in oils in which free radicals are exchanged was exploited as a basic 

mechanism for the reduction of metal salt and dispersion of silver nanoparticles in oil 

media without the aid of any other stabilizing or reducing agent. Using the same 

approach they have also successfully synthesized gold nanoparticles (Kumar et al., 

2008). Nadagouda et al. have synthesized silver and palladium nanoparticles at room 

temperature by using coffee and tea extract in a single step synthesis without 

involving any other stabilizing or reducing agent. Their method can also be extended 

to the synthesis of gold and platinum nanoparticles (Nadagouda et al., 2008). Li et al. 

have used Capsicum annuum (chilli) leaf extract for the synthesis of silver 

nanoparticles and found that the amine group containing proteins in the extract were 

responsible for the stabilization and reduction of silver ions into silver nanoparticles 

(Li et al., 2007). Sexena et al. have used Allium cepa (onion) extract for the synthesis 

of antibacterial silver nanoparticles (Saxena et al., 2010). Ali et al. have exploited the 

potential of plant leaf extract (Mentha piperita) for the synthesis of gold and silver 

nanoparticles and confirmed the antibacterial activity of these nanoparticles against 

clinically isolated human pathogens such as Staphylococcus aureus and Escherichia 

coli (Ali et al., 2011). Chandran et al. have used Aloe vera plant extract for the 

synthesis of gold and silver nanostructures/ nanoparticles (Chandran et al., 2006). 
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Krishnaraj et al. have synthesized silver nanoparticles having significant antimicrobial 

activity against water borne bacterial pathogens such as Escherichia coli and Vibrio 

cholerae using Acalypha indica leaf extract (Krishnaraj et al., 2010). 

 Though several protocols already exist to prepare silver nanoparticles, the 

reproducible production, stability and control over their size and shape is still a 

challenge in comparison to gold nanoparticles. This is probably due to easier 

oxidation of reduced silver and its complex interaction with a variety of currently 

used stabilizers for such nanomaterials. Therefore, serious efforts are required to 

develop more efficient, reproducible, sustainable, environmental friendly and 

economically viable protocols not only for the production of size and shape-controlled 

silver nanoparticles but also to achieve a fair control over surface chemistry for 

subsequent applications. However, the synthesis of silver nanoparticles in pure protein 

system is fairly scarce, and is a challenge that requires exquisite crystal growth 

control. Recently, a few proteins such as bovine serum albumin (BSA) and lysozyme 

have been reported to produce subnanometer gold/silver clusters which are 

fluorescent (Guo and Irudayaraj, 2011; Lin et al., 2009; Wei et al., 2010; Xie et al., 

2009). But the formation of metal nanoclusters/ nanoparticles in protein system is 

very complex, and depends much on the sequence, size, conformation and charge of 

the protein in the system. A systematic study on the synthesis of silver nanoparticles 

using various proteins with different structures is still lacking and, if properly 

explored, may lead not only to the clues on how to control the shape and size of the 

resulting nanoparticles, but also contribute to the understanding of the mechanisms of 

the growth process of such nanomaterials. Despite enormous applications and ready 

availability, casein proteins have not been much explored to produce metal 

nanoparticles, which, in addition to being biocompatible, stable and chemically 

diverse, may also have stimuli responsive properties. In this context casein; a milk 

protein was used as sole capping and reducing agent for the synthesis of silver 

nanoparticles and by changing reaction parameters spherical assemblies of silver were 

also produced. The silver nanoparticles thus produced using casein proteins as 

reducing and stabilizing agent were highly stable against freeze drying, repeated 

centrifugation and salt concentrations. These nanoparticles were also tested for their 

pH induced reversible agglomeration and their cytotoxicity and cellular uptake by 

NIH/3T3 fibroblast cells was also studied. A detailed study of this work will be 

presented in chapter 2. 
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 Silver has been used extensively since long for fighting against infection and 

spoilage based upon antiviral and antibacterial properties of the metal, metal ions and 

compounds formulated with silver hence proving it as the most effective among other 

inorganic antibacterial agents (Oka et al., 1994; Oloffs et al., 1994; Tokumaru et al., 

1974). Silver and its compounds are nontoxic for humans if administered in minute 

amount/ concentrations hence in normal usage of humans it is nontoxic. Antibacterial 

activity of silver is based upon the reaction of dissolved silver ions and the ability of 

metallic silver for catalytic oxidation (James, 1971). Silver is being used in dental 

treatments, synthetic zeolites and in other medical devices as a coating material due to 

its unique property of attacking microbes over a wide range of targets thus not 

allowing them to develop resistance against it as they use to develop against other 

conventional antibiotics (Bosetti et al., 2002; Herrera et al., 2001; Matsumura et al., 

2003). With the increasing interest in nanoparticles and nanomaterials silver 

nanoparticles alone or in the form of composites are now being used as antibacterial 

agents (Li et al., 2005; Sondi et al., 2004). Size and shape of silver nanoparticles have 

significant effect on their antiviral and antibacterial efficacies (Elechiguerra et al., 

2005; Morones et al., 2005; Pal et al., 2007). But there is a need to improve the 

antibacterial activity of silver nanoparticles so that they should be effective in low 

doses. In the current study a cationic polymer and broad range disinfectant 

polyhexamethylene biguanide (PHMB) was used as capping ligand for the size and 

shape controlled synthesis of silver and gold nanoparticles which were subsequently 

reduced by borohydride reduction method. This polymer capping improved the 

antimicrobial activity of thus formed silver nanoparticles as compared to other silver 

nanoparticles formed by conventional capping ligands (as was proved by their action 

against Escherichia coli). A detailed description of the study will be presented in 

chapter 3. 

 Beside the above mentioned materials for the synthesis of metal nanoparticles, 

vitamins such as vitamin C (ascorbic acid), which is a well known antioxidant, has 

also been found useful for the synthesis of metal nanoparticles and their core-shell 

structures without any other additional stabilizing agent (Nadagouda et al., 2007). 

Moreover amino acids such as lysine and arginine have also been used as reducing 

agents for the synthesis of metal nanoparticles (Hu et al., 2008). Besides using amino 

acids for the synthesis of metal nanoparticles peptides can also be used for this 

purpose. N-(9-Fluorenylmethoxycarbonyl)-L-phenylalanine (fmocf) is well known to 
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produce gels/ hydro-fibers, vesicles and different other structures under different 

physiological conditions for use in 3D cell culture studies, as a vehicle for drugs/ gene 

delivery, for bioimaging and in biosensors. We have now demonstrated the assembly 

of fmocf into hydro-fibers which were used for in situ production of gold and silver 

nanoparticles without using additional reducing/stabilizing agents. In chapter 4 the 

formation of metal nanoparticles by fmocf hydrofibers is described. 

 In addition to chemical reduction methods, electrochemical (Qi et al., 2000; 

Van der Zande et al., 1997; van_der_Zande et al., 2000; Wei et al., 1999; Yu et al., 

1997), sonochemical (Mizukoshi et al., 1997; Okitsu et al., 2001), radiolytic 

(Henglein, 1999) and photochemical methods  (Dong et al., 2004; Han and Quek, 

2000; Pal, 2004) have also been reported to produce size and shape controlled metal 

nanoparticles. The electrochemical methods are usually popular to produce 

anisotropic nanoparticles. The radiolytic and photochemical methods are associated 

with the blessings of controlled reduction of metal ions without any external reducing 

agent, independent of type of solute and the products can absorb radiations, uniform 

solution based reaction and with well known rate of reaction. These methods also 

require some protecting agents to avoid aggregation of thus formed nanoparticles. 

 Recently microwave assisted synthesis of metal nanoparticles has gained 

significant interest due to higher/ rapid performance of the process as compared to 

conventional heating systems. It has been used to produce not only the spherical 

particles but also to control their shape and has been demonstrated to synthesize a 

variety of new materials (Tsuji et al., 2005). Baruwati et al. have synthesized metal 

nanoparticles using glutathione as sole capping and reducing agent by using 

microwave irradiation. The nanoparticles were produced very rapidly using 

microwave irradiation and the whole process was completed only within 30-60 

seconds (Baruwati et al., 2009). Glaspell et al. have used microwave radiations for the 

synthesis of gold and palladium nanoparticles which were supported on CeO2, CuO, 

and ZnO nanoparticles and used them for the catalytic oxidation of CO (Glaspell et 

al., 2005). Harpeness et al. have synthesized core/ shell bimetallic gold/ palladium 

nanoparticles by means of microwave irradiation (Harpeness and Gedanken, 2004). 

Hu et al. have used microwave radiations for the green synthesis of silver 

nanoparticles by using basic amino acids L-lysine and L-arginine as reducing agents 

in the presence of soluble starch as protecting/ capping agent. Moreover they self-

assembled these starch capped silver nanoparticles into films of silver on a glass 
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substrate and studied their SERS applications (Hu et al., 2008). Gao et al. have also 

used microwave irradiation to prepare silver nanoparticles under microwave assisted 

solvothermal conditions (Gao et al., 2005). Recently Nishioka et al. have used 

microwave assisted flow reactor for the continuous synthesis of monodispersed silver 

nanoparticles and particles were formed in 2.8 seconds, a time much less than 

conventional heating systems (Nishioka et al., 2011). In all these cases, just like 

heating or refluxing, microwaves assisted the formation of nanoparticles at much 

higher rate as compared to conventional heating systems. The mechanism of 

microwave action lies in the fact that as a result of absorption of the energy of 

microwave irradiation by polar molecules they begin to rotate at high speed. As a 

result temperature and pressure of the system increases rapidly in an even fashion 

leading to higher rate of reaction (Jiang et al., 2001).  

 Nanoparticles of metals can also be synthesized by means of photoreduction/ 

radiation induced reduction (Marignier et al., 1985).  In a simple method Wei et al. 

have synthesized gold nanoparticles in acetic acid solution in the presence of collagen 

by means of photoreduction method and the particles thus formed as a result of 

photoreduction were assembled on collagen chains and acted as SERS active substrate 

for 4-aminothiophenol (Wei et al., 2007). By means of two photon photoreduction 

method using femtosecond laser Kaneko et al. have synthesized metallic 

nanoparticles. They used a metal ion doped polymer and the interaction of laser with 

this hybrid material resulted in situ photochemical reaction which leaded to the 

particle protrusion out of this flat sample surface. Here in this process exposure to 

laser time was very critical in nanofabrication (Kaneko et al., 2003). The radiations of 

sunlight were also used for the synthesis of gold nanoparticles where UV solar 

radiation of 300 nm at higher plateau were used for the shape and size controlled 

synthesis of gold nanoparticles (Dong et al., 2004). 

1.2 Self-assembly of nanoparticles/ nanostructures 

 Currently a wide range of top-down and bottom-up techniques for 

nanofabrication are in use. Top-down strategies involve lithography 

(photolithography, electron and ion-beam lithography, dip-pen nanolithography and 

nanoimprint lithography), scanning tunnelling microscopy and microcontact printing 

(Salaita et al., 2006). These approaches made possible the fabrication of a wide range 

of nanostructures in high yield and with high quality but are associated with some 
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problems such as higher cost, more time consuming  and usually it is not easy to 

obtain resolution below 100 nm (Sotiropoulou et al., 2008). On the other hand 

bottom-up approaches result in the hierarchical synthesis of ordered nanostructures by 

means of physicochemical interactions through the self-assembly of basic building 

blocks. The most common techniques for bottom-up fabrication in use today exploit 

the use of templating substrates for shape and size controlled nanofabrication. These 

templating substrates mostly include chemically or topologically patterned surfaces, 

inorganic mesoporous structures, organic supramolecular complexes and biological 

based templates (Lazzari and López Quintela, 2003; Park et al., 2003; Sotiropoulou et 

al., 2008). 

 Solution-phase nanomaterials are amongst the most diverse group of 

nanostructures directing templates including metals, oxides, semiconductor colloids, 

proteins, DNA, supramolecular architectures, etc. It is due to their ease of availability 

in high yield as a result of their thermodynamically controlled synthesis which include 

nucleation and growth or their commercial availability in large quantities (such as 

amino acids and lipids) (Jones et al., 2011). Out of these scaffolds, some restrict the 

growth of nanostructures in some particular direction thus conferring them defined 

geometry (Chu et al., 1996; Reches and Gazit, 2003). Such templates serve as 

scaffolds for the growth of plasmonic materials due to solution based reaction 

approaches (Liz-Marzán et al., 1996; Mazumder et al., 2010; Oldenburg et al., 1998). 

These templates usually provide spatially distributed nucleation sites for construction 

of complex nanoscale architectures (Chen et al., 2008a; Chen et al., 2006; Yang et al., 

2006). As a result the nanomaterials thus formed are relatively small in all dimensions 

and exhibit localized surface plasmon resonance upon interaction with light. The 

directed self-assembly of nanoparticles in solution also involves different stimuli 

which are responsible to control the interaction between the capping ligands of 

nanoparticles. These stimuli include temperature, electromagnetic radiations, e.g. 

light, pH, polarity of the solvent and redox activity (Grzelczak et al., 2010).  

 In surface based template approaches, a template is created by patterning a 

surface followed by physical deposition of nanoparticles and ultimately produces the 

nanostructured materials by removing the template. Traditional lithographic methods 

(photo and electron beam lithography) are basically used to produce such patterned 

surfaces which have been used for the production of plasmonic nanomaterials (Linden 

et al., 2004), waveguides (Maier et al., 2001; Maier et al., 2003) and sensors for 
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SERS applications (Gunnarsson et al., 2001). But these methods are expensive so less 

frequently used in common practice.  

 Organic templates consisting primarily carbon containing compounds (small 

molecules, carbon nanotubes, supramolecular assemblies, polymeric molecules) 

present atom level control within a molecule that is usually wielded by the chemists 

over the positions of various chemical groups. Basic idea behind using such materials 

as a template for nanofabrication is that this degree of precision can be utilized for the 

assembly of nanostructures. The assembly of nanoparticles by using small molecules 

or carbon nanomaterials depends mainly upon the symmetry of the discrete 

molecules/ species. Whereas it is the symmetry of self-assembled ordered phases 

present in supramolecular or polymeric species which facilitate the placement of 

nanostructures along with them and confers them certain plasmonic properties. Small 

molecules or carbon based materials mostly lead to the fabrication of symmetric 

clusters of nanostructures (Brousseau et al., 1999; Fullam et al., 2000). Carbon based 

supramolecular or polymeric species mostly lead to the formation of extended 2- or 3- 

dimensional architectures of nanostructures (Bockstaller et al., 2003; Liu et al., 2010). 

So nanoparticles could be ordered across several length scales along with these 

templates possessing short and long range plasmonic properties.  

 Nanostructures of all types and geometries with significant properties and 

applications in numerous fields are routinely fabricated by utilizing porous materials 

and membranes. Pores present in these materials/ membranes upon permeation of 

structures/ ions are eventually coated with numerous materials including metals 

(Brumlik and Martin, 1991; Foss Jr et al., 1994; Goad and Moskovits, 1978; Hurst et 

al., 2006; Martin, 1991; Martin, 1994; Preston and Moskovits, 1988), semiconductors  

(Hurst et al., 2006; Martin, 1996; Routkevitch et al., 1996) and polymers (Chen et al., 

2008b; Ciszek et al., 2008; Hurst et al., 2006; Lim et al., 2008; Martin, 1991; Martin, 

1994; Martin, 1995; Park et al., 2004). As a result of which nanostructures thus 

formed have final size and shape dispersity directed by the size and shape of the 

template (Martin, 1996). Routinely nanostructures with controlled geometries could 

be synthesized in high yield due to high pore densities and low pore size dispersities 

within these materials (Hurst et al., 2006). These porous materials include mica (Sun 

et al., 1999), glass (Tonucci et al., 1992), zeolites (Beck et al., 1992; Wu and Bein, 

1994) and nanoporous solids (Ozin, 1992). Track etched polymers and anodic 

aluminium oxide membranes and mesoporous materials are the most commonly 
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practiced substrates for the fabrication of metal structures with interesting plasmonic 

properties (Hurst et al., 2006). In the current study egg shell membrane which is a 

porous biological membrane and proteinaceous in nature served as a template for the 

in situ formation of gold nanoparticles/ nanostructures exactly on the same pattern as 

the fibers of egg shell membrane (amino acids in whole fibers) only by varying 

reaction parameters. Egg shell membranes removed by different strategies were tested 

for in-situ production of metal nanoparticles/ nanostructures without using any 

additional reducing agent. On removing the template (egg shell membrane) by heat 

treatment porous gold membranes were produced with almost the same pattern as that 

of template. This roughened metal surface may act as active substrate for surface 

enhanced Raman spectroscopy. The description of whole process will be presented 

and discussed in Chapter 5. 

 Fairly large number of biomolecular structures; such as DNA or 

oligonucleotides, peptides, proteins, microorganisms (viruses, diatoms), lipids, 

polysaccharides, etc. have also been used as template for the fabrication of 

nanostructures. The chemical functional groups present in these structures are 

basically involved for in situ synthesis of metal nanoparticles or are responsible for 

directing the assembly of preformed nanoparticles on them. Different synthetic 

modification strategies could be adopted to make these biomolecular structures much 

more prone for the binding and subsequent assembly of metal nanoparticles onto 

them. Different molecular building blocks present in these biomolecules also serve as 

building blocks for size and shape controlled 1-, 2- and or 3-dimentional metal 

nanostructures. Their structural diversity and synthetic programmability make them 

much more efficient templates for nanofabrication as compared to the other 

templating methods (Aniagyei et al., 2008; Behrens, 2008; Chen and Rosi, 2010; 

Dickerson et al., 2008; Douglas and Young, 2006; Katz and Willner, 2004; Lagziel-

Simis et al., 2006; Mann et al., 2000; Niemeyer, 2001; Sotiropoulou et al., 2008; 

Strable and Finn, 2009; Uchida et al., 2007; Ueno, 2008). We have used cellulose (a 

polysaccharide, modified as well as unmodified) as a template for in situ synthesis of 

gold and silver nanoparticles resulting in the formation of cellulose-metal nanoparticle 

composite fibers. Different strategies were adopted in this context to synthesize 

nanoparticles of gold and silver on cellulose fibers and a comparison of the effect of 

different strategies on the size and loading content of these nanoparticles was made. 

The silver nanoparticles-cellulose composite fibers have a significant potential to be 
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used in wound dressings and in the manufacture of antibacterial clothes. The rough 

surface of these composite materials may also act as SERS active substrate. But to 

evaluate these potential benefits a detailed study is also required. A description of this 

study is described in Chapter 6.  

 Physical templates also function as template for the assembly or deposition of 

preformed nanomaterials/ plasmonic nanomaterials based on nonspecific adsorption. 

Thus physical shape of the template defines the geometry and collective plasmonic 

properties of the final composite structure. To act as physical templates they should be 

larger than the material deposited on them. They mainly consist of inorganic materials 

with some exceptions of polymer based templates. These templates manifest a range 

of shapes which are further utilized in patterning the nanostructures around them. 

These templates usually exist in variety of forms such as large arrays e.g. the pores of 

anodized aluminium oxide (Hanaoka et al., 1998; Lahav et al., 2003), in the form of 

discrete particles in solution e.g. colloidal suspensions of silica spheres (Gittins et al., 

2002; Westcott et al., 1999) and as cadmium telluride tetrapods (Liu and Alivisatos, 

2004b). Nonspecific adhesion of the particles to these physical templates is 

responsible for their self assembly unlike other methods described above in which 

chemical functionalities present in those templates were responsible for 

nanofabrication. As a result of nonspecific adhesion of particles on these templates 

their assembly is extremely straightforward and is a general strategy for 

nanofabrication. We have used colloidal porous calcium carbonate spheres (physical 

template) as template for the formation of multifunctional/ multipurpose capsules by 

layer by layer assembly of polyelectrolytes around them. On removing this sacrificial 

template by EDTA (ethylenediaminetetraacetic acid), hollow capsules containing free 

cargo of interest inside the cavities were obtained. It was also possible to incorporate 

nanoparticles/ quantum dots inside the shell material which can act as label during 

cellular studies and could be used for thermal release of cargo (drugs/ genes) from the 

cavities of capsules. Most of all SNARF (seminaphthorhodafluor) based sensor 

capsules were used for real time monitoring of intracellular/ intralysosomal analyte 

(H
+
) concentrations in the presence of different lysomotropic substances (Bafilomycin 

A1, Chloroquine, Monensin and Amiloride). In this way the long-term kinetics of 

these drugs was studied in living cells (MCF-7 breast cancer cells) for the first time. A 

detailed description about the synthesis of different types of capsules and monitoring 
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the intralysosomal pH of the cells in the presence of different lysomotropic substances 

by using SNARF based capsules as indicator/ sensors is demonstrated in Chapter 7.  

1.3 Applications of nanoparticles/ nanostructures/ nanomaterials 

 Since ancient times nanogold has been in use from the medicine (Panyala et 

al., 2009) to the synthesis of Lycurgus cup (Freestone et al., 2007). Nowadays the 

gold nanoparticles are being evaluated for their applications in bio-labelling, drug/ 

gene delivery, biosensing, phototherapy, photonics and catalysis, etc (Sperling et al., 

2008). In case of bio-labelling applications, they act as contrast agents after being 

directed and enriched at specific region of interest. They act as passive reporters as 

there occur no change in their properties as observed in the case of active sensors 

(Huang et al., 2007b). The most prevalent applications in bio-labelling and 

visualization are for immunostaining (Mallidi et al., 2007; Sperling et al., 2008), 

single particle tracking (Cang et al., 2006; Cognet et al., 2003; Felsenfeld et al., 1996; 

Kusumi et al., 2005; Lasne et al., 2006), contrast agents for X-rays (Hainfeld et al., 

2006; Kim et al., 2007) and for detecting the phagokinetic tracks (Albrecht-Buehler, 

1977a; Albrecht-Buehler, 1977b; Albrecht-Buehler, 1979). Moreover gold 

nanoparticles are also used for the delivery of materials/ molecules inside the cells.  

For example gold nanoparticles are used for ballistic introduction of DNA inside the 

cells thus acting as massive nanobullets (Chen et al., 2000). Specific uptake of 

materials bound on the surface of gold nanoparticles and complementary to the target 

site receptors is also a strategy commonly used where gold nanoparticles act as 

delivery vehicles such as for targeting cancer cells (Dixit et al., 2006; Jain et al., 

2007; Wagner et al., 1994). In nanotherapy gold nanoparticles can be used as heating 

source such as in hyperthermia in which gold nanoparticles (ideally gold nanorods 

and hollow structures which can absorb strongly in infrared region) are directed in 

cancerous tissues by means of specific ligands complementary to the receptors on 

cancer cells. On increasing the temperature of the system by means of infrared 

radiations the cancer cells and the cells in near vicinity can be destroyed (Chen et al., 

2007; Choi et al., 2007; Huang et al., 2007a). Also gold nanoparticles are being used 

in optically triggered opening of bonds in DNA and protein aggregates (Hamad-

Schifferli et al., 2002; Kogan et al., 2006; Stehr et al., 2008) and in opening of 

containers such as polyelectrolyte microcapsules in which gold nanoparticles are 

embedded inside the shells. Upon heating due to more heat absorption by gold 
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nanoparticles a rise in temperature leads to rupture of capsules and thus release of 

cargo from the cavity of capsules (Skirtach et al., 2006). Gold nanoparticles can also 

be used as sensors in diagnostics (Kumar et al., 2007) such as for colorimetric 

detection of analytes (Elghanian et al., 1997; Mirkin et al., 1996; Moller and 

Fritzsche, 2007). Beside their biological applications there are many electronic, 

catalytic and plasmonic properties associated with gold nanoparticles and the 

composite materials formed by them (Daniel and Astruc, 2004). 

 The nanosilver-containing products presently comprise more than 50% of the 

inventoried consumer products due to their relatively low cost and antimicrobial 

activity against a wide range of bacteria and fungi. For example, silver nanoparticles 

are being incorporated into clothes, bandages, and food containers as deodorizers and 

disinfectants (Benn and Westerhoff, 2008). In addition studies have been conducted to 

explore the use of silver nanoparticles for the disinfection of drinking water and more 

recently as an insecticide to control the attack of pests on various crops (Li et al., 

2008). We have now synthesized highly stable silver nanoparticles by using casein 

and studied for their toxicity and cellular uptake by using NIH/3T3 fibroblast cells 

(chapter 2). We have also observed that cationic biocide (PHMB) coated silver 

nanoparticles showed much more improved antimicrobial activity against E. coli as 

compared to the other silver nanoparticles formed by other methods/ ligands (chapter 

3). Beside gold and silver, other nanoparticles also have significant applications in 

biology, catalysis, optics and electronics, etc. such as iron, platinum, palladium, 

cobalt, zinc, titanium and their oxide nanoparticles, etc. but they are beyond the scope 

of our study. Inherited structural complexity of many templated nanostructures results 

in the appearance of several fascinating new properties in such hybrid nanomaterials 

particularly in the fields of electronics, sensors and medical diagnostics. During the 

past 30 years, synthesis and fabrication of substrates for SERS have attracted a great 

deal of interest. The ability of creating closely spaced and controllable gold and silver 

nanostructure hot spots from electrochemically roughened metal surfaces, random 

nanoparticles aggregates and rationally designed nanostructures of these metals 

resulted in many important applications of such materials including their use as SERS 

active substrates to detect molecules of interest even down to single molecule level 

(Banholzer et al., 2008; Dieringer et al., 2008). Many of the template derived 

nanofabrication methods inherently produce these ordered and closely spaced 

plasmonic nanostructures (particularly gold and silver nanostructures), hence these 
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techniques have been proven ideally suited for the synthesis and optimization of 

SERS sensitive materials. 

 The large area inherent to many of the templated methods for the production 

of surfaces possessing plasmonic properties like SERS active materials make them 

well suited for surface plasmon resonance based sensors. For this purpose colloidal 

lithographic methods are amongst the most common ones though are money 

consuming. Regular arrays of discrete particles are produced by such methods which 

lead to localized surface plasmon resonance type properties in these materials serving 

as base for primary sensing methodology. Several novel chemical and biological 

sensing based applications by using these localized surface plasmon resonance 

sensors have been exploited with the same basic physical phenomenon of changing 

the local refractive index around the particles by a binding event which causes a 

reproducible shift in the localized surface plasmon resonance wavelength. In the case 

of biological sensing (Anker et al., 2008) detection of antibodies for amyloid-derived 

disulfide ligands, protein binding and detection studies (Hall et al., 2008) and markers 

for Alzheimer’s disease are note worthy (Haes et al., 2004). Chemical detection 

applications of such templated materials lay in the fields of hydrogen storage 

(Langhammer et al., 2007), catalysis and gas sensing (Larsson et al., 2009).  

 Many emergent plasmonic phenomena are also coupled with arranged 

nanostructures fabricated on templates such as surface plasmon based lasing 

behaviour (Noginov et al., 2009). In such type of behaviour these structures act as 

nanoscale lasers. Also quantum information processing applications via resonant 

coupling between the plasmons in the metallic core and excitons in quantum dot shell 

are based on arranged nanostructures on templates (Zhang et al., 2010). Plasmonic 

Fano resonances (Fan et al., 2010; Mukherjee et al., 2010) are another example of the 

applications of arranged nanostructures in which little energy is lost to the emission of 

out coupled photons with quite high local field strength thus enabling the structures 

based on this phenomenon interesting candidates for many plasmonic enhancement 

based applications like SERS, localized surface plasmon resonance detection and 

surface plasmon lasers  (Luk'yanchuk et al., 2010; Stockman, 2010).  

 Due to occurrence of biological processes at nanoscale, integration of 

synthetic nanomaterials with them can lead to an extensive area of research. Template 

based nanostructures possessing plasmonic properties have contributed significantly 

to biological field due to two main reasons. Firstly these template based nanomaterials 
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are mostly highly anisotropic as a result of that their resonances are tunable in the 

near infrared region of electromagnetic spectrum the same region where absorption by 

biological tissues is minimum thus they act as externally addressable materials. 

Secondly due to their photothermal effect bearing property in which light energy is 

converted into heat energy under irradiation by a laser, at their surface plasmon 

resonance these nanostructures have become most important candidates for 

photothermal therapy and imaging (Jones et al., 2011). 

 In the current study polyelectrolyte microcapsules formed on sacrificial  

template (calcium carbonate) were used as sensors inside MCF-7 breast cancer cells 

in the presence of different lysomotropic substances using SNARF inside the cavities 

of capsules as cargo/ sensor/ indicator and real time kinetics of these drugs was 

studied for some days (details will come in chapter 7). So in this way templated 

nano/ micro materials can also be used as live sensors. 

1.4 Techniques used to characterize nanomaterials 

 There are spectroscopic and microscopic techniques to characterize 

nanomaterials. However in this section, the characterization techniques used in the 

current study will be described briefly. These techniques include transmission and 

scanning electron microscopy to examine the morphology of nanomaterials, energy 

dispersive X-ray spectroscopy, inductively coupled plasma – atomic emission/ mass 

spectroscopy and atomic absorption spectroscopy to determine elemental composition 

of materials, UV-visible, fluorescence and infrared spectroscopic techniques to study 

optical properties and functional group analysis of functionalized nanoparticles.  

1.4.1 Transmission Electron Microscopy (TEM) 

 For morphological characterization of nanomaterials/ particles, electron 

microscopic techniques are used which have better resolution of nanoscale features, 

i.e., below 1 nm because of the small de Broglie wavelength of electrons, compared to 

light microscopes which have far less resolution limit (tens of thousands times). Due 

to better resolution achieved by TEM, fine details even as small as few atom clusters 

can be examined using high resolution TEM. In TEM, a beam of electron passes 

through an ultrathin specimen under high vacuum and interacts with the specimen 

while passing through it. As a result of this interaction, an image of the specimen is 

formed by the transmitted light by means of differential contrast. Finally the image is 
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magnified many times by electromagnetic lenses and final image acquisition achieved 

by focussing it on some imaging device such as a fluorescent screen, a layer of 

photographic film or using a sensor to detect the image such as CCD camera. It is 

very expensive equipment as compared to other microscopic techniques such as 

atomic force microscope (AFM), which is a surface probe microscopic technique. 

Depending upon the thickness and composition of the observed material at low 

magnifications, TEM image contrast is formed due to the absorption of electrons in 

the material. However at higher magnifications due to complex wave interactions the 

intensity of the image is modulated which require expert analysis of the images 

observed. There are many modes of TEM some of which allow along with regular 

absorption based imaging observing modulations in chemical identity, crystal 

orientation, electronic structure and sample induced electron phase shift. TEM is 

normally used in many fields such as biology, chemistry, material science, electronics 

and nanotechnology, etc (Joshi et al., 2008; Williams and Carter, 2009). In the current 

study gold and silver nanoparticles and polyelectrolyte microcapsules were observed 

using TEM. 

1.4.2 Scanning Electron Microscopy (SEM) 

 SEM acquires the image of a sample by scanning it using a high energy beam 

of electrons in a raster scan pattern. The electrons interact with the atoms of the 

sample to produce signals containing information about the surface topography, 

composition and some other properties such as electrical conductivity. Mainly the 

signals produced by SEM include secondary electrons, characteristic X-rays, 

backscattered electrons, light (cathodoluminescence), specimen current and 

transmitted electrons. In order to detect these signals, different types of detectors are 

normally available depending upon the type of SEM and the type of study. But a 

single instrument rarely contains all these types of detectors. Mostly secondary 

electron detectors are used in almost all models of SEM which detect the signals 

produced by the interaction of electron beam with the atoms at or near the surface of 

the sample. As the electron beam in SEM is very narrow, the micrographs thus 

produced possess a large depth of field having a specific three dimensional 

appearance which is useful for understanding the surface features of a sample. In 

analytical SEM, backscattered electrons along with X-rays give useful informations 

about the composition of a sample. Initially thermionic source of electron guns were 

http://en.wikipedia.org/wiki/Cathodoluminescence
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developed which are now being replaced by field emission and schottky technologies. 

A sample to be analyzed by normal SEM must be conductive (Goldstein et al., 1977; 

Joshi et al., 2008; Unakar et al., 1981). In the current study field emission scanning 

electron microscope (FESEM) was used to study the surface morphology of spherical 

agglomerates of casein stabilized silver nanoparticles, gold nanoparticles/ 

nanostructures coated egg shell membranes, porous gold membranes, cellulose 

nanoparticles composite materials, porous calcium carbonate microspheres and the 

polyelectrolyte microcapsules formed around these calcium carbonate spheres.  

1.4.3 Energy Dispersive X-ray (EDX) Spectroscopy 

 EDX is an analytical technique which is used for determination of elemental 

composition of a sample. Fundamental principle of its working relies in the fact that 

each element has a unique atomic structure which allows the characteristics X-rays to 

be identified based on its structure (different from other elements). To produce 

characteristics X-rays of an element, high energy charged particles (electrons, 

protons, etc.) are bombarded onto the sample. As a result of bombardment, the 

electrons are ejected from the inner shell of the element creating a hole which is thus 

filled by electron/ electrons from higher energy level by emitting X-rays which are 

detected by EDX spectrometer. The X-rays which are emitted have energy equal to 

the difference of energy between the two shells (the shell from which electron was 

emitted and the shell from which electron jumped to fill its space) and depends on the 

atomic structure of that particular element, on the basis of which the elemental 

composition of the sample can be determined (Joshi et al., 2008; Orr and Kearns, 

2011). In the present study the weight percent of gold loaded on egg shell membranes, 

% age of gold in porous gold membranes and the % age of adsorbed gold and silver 

on cellulose nanoparticle composite fibers was calculated using EDX spectroscopy. 

1.4.4 Photon Correlation Spectroscopy 

 DLS (dynamic light scattering), also known as photon correlation 

spectroscopy or quasi-elastic light scattering, is used for the determination of size 

distribution profile of small sized particles in solutions/ suspensions. When the light 

strikes small particles, it is scattered in all directions which is known as Rayleigh 

scattering provided the particles are small (below 250 nm) compared to the 

wavelength of incident light. A time dependent fluctuation in the scattering intensity 
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of the light can be observed provided the light source is monochromatic and coherent 

such as laser light. Due to Brownian movement of small molecules in solution, the 

distance between them constantly changes with time resulting in a fluctuation in 

scattering intensity of incident light. The scattered light on further interaction with 

other particles undergoes either constructive or destructive interference and provides 

information about the time scale movement of the particles (scatterers). So the particle 

size distribution can be determined on the basis of this information by Zetasizer 

(equipment based on DLS). But it gives the information about the hydrodynamic 

radius of nanoparticles, which means the size of capping ligand is also included in 

this. The actual diameter of nanoparticles is, however, determined from TEM 

micrographs using different softwares such as Image J, Image Tools, etc. (Berne and 

Pecora, 2000; Joshi et al., 2008; Park and Hamad-Schifferli, 2008; Pecora, 1985). 

 Zeta potential describes electrokinetic potential in colloidal systems. It is 

electric potential in the interfacial double layer where the slipping plane is located 

versus a point in the bulk fluid which is away from the interface. Thus it is the 

potential difference between the stationary layer of fluid bound to the dispersed 

particles and the dispersion medium. Zetasizer can also determine the zeta potential of 

the particles i.e. surface charge on the final coating of particles. This surface potential 

in turn reflects the stability of the particles in a colloidal system as a high zeta 

potential value (positive or negative) means great repulsion between the colloidal 

particles and thus greater stability to prevent particles aggregation and vice versa. 

Electrophoretic light scattering which is based on dynamic light scattering is used in 

Zetasizer for calculations of zeta potential of particles (Hunter, 1981; Park et al., 

2008).  

 In the current study the hydrodynamic radius and potential of gold and silver 

nanoparticles was determined by Zetasizer based on dynamic and electrophoretic light 

scattering. 

1.4.5 UV-Visible Absorption Spectroscopy 

 SPR (surface plasmon resonance), which is due to collective oscillations of 

surface electrons in metals, is a characteristic property of metal nanoparticles 

particularly of gold, silver and copper nanoparticles (above 2 nm in size) which have 

SPR band in visible region of electromagnetic spectrum. The particles smaller than 2 

nm have their electrons confined in their discrete shells so they do not display this 
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phenomenon. Whereas the bulk metal has continuous absorption in the whole UV-

visible-IR region. For characterization of gold and silver nanoparticles, UV-visible 

spectroscopy is an important analytical technique by means of which characteristic 

SPR band of metal nanoparticles can be obtained providing preliminary but crude 

information about the size and size distribution. From the position, height and width 

of this band one can estimate roughly about the size, shape, concentration and size 

distribution of these metal nanoparticles (Eustis and El-Sayed, 2006; Joshi et al., 

2008; Link and El-Sayed, 1999a; Link et al., 1999b). In the current study, UV-visible 

absorption spectroscopy was extensively used to study some of the spectral properties 

of gold and silver nanoparticles. 

1.4.6 Confocal Laser Scanning Microscopy (CLSM) 

 CLSM is an optical microscopic technique with far high resolution compared 

to ordinary light microscope and with depth selectivity. Through the process of 

optical sectioning, it has the ability to acquire the in-focus images from selected 

depths within a specimen. Point by point images are acquired which are reconstructed 

with a computer which allow the three dimensional reconstructions of topologically 

complex objects. It can do only surface profiling of translucent objects whereas 

interior structures can be imaged in case of transparent specimens. As the images 

from multiple depths of the specimen are not superimposed, the quality of its image is 

enhanced compared to ordinary light microscope. The latest laser scanning 

microscopes combined the laser scanning method with the three dimensional 

detection of biological objects which are labelled with fluorescent markers. Image is 

formed on the basis of scattered or reflected light as well as any type of fluorescent 

light from the illuminated spot within a specimen. It provides a direct, non-invasive 

way for serial optical sectioning of intact, thick, living specimens with minimum 

requirements for sample preparation giving marginal improvements for lateral 

resolutions (Paddock, 1999; Wright and Wright, 2002). In the current study, it was 

used to examine the cellular interaction of casein stabilized silver nanoparticles and 

polyelectrolyte microcapsules. 

1.4.7 Fluorescence Microscopy 

 Fluorescence microscope is also a type of light microscope in which instead of 

reflection or absorption, the fluorescence and phosphorescence properties are used to 
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study the properties of organic or inorganic substances. Confocal microscopic 

techniques are also based on fluorescence but here typical fluorescence microscope is 

the topic of discussion. The basic principle of the technique is that the light of a 

specific wavelength strikes a specimen and is absorbed by specific fluorophores 

present inside the specimen. As a result, the sample emits light of longer wavelength 

compared to the incident light (different in colour/ colours than incident light) which 

is then detected by a detector such as CCD camera. Different filters separate the 

incident light from that of fluorescent (out coming) light. Xenon arc or mercury 

vapour lamps are common light sources in such types of microscopes (Ghiran, 2011). 

In the current study, fluorescence microscope was used for intracellular imaging of 

SNARF capsules in the presence/ absence of lysomotropic substances and for 

studying some of the fluorescent properties of polyelectrolyte microcapsules.  

1.4.8 Fluorescence Spectroscopy 

 Fluorescence spectroscopy is a type of electromagnetic spectroscopy in which 

the fluorescence from a sample is quantitatively measured. A beam of light, usually 

ultraviolet light, excites the electrons in the molecules of the specimen resulting in 

emission of light of lower energy mostly in the visible region. It is basically related to 

electronic and vibrational states of fluorescent molecules/ compounds. By absorbing a 

photon, the molecule is 1
st
 excited from its ground electronic state to any of 

vibrational electronic excited state. As a result of collisions with other molecules 

these excited molecules loose vibrational energy until they reach the lowest 

vibrational state of this excited electronic state. The molecules emit photons by 

dropping down into any of the ground state vibrational level. The emitted photons are 

associated with different energies and frequencies depending upon the vibrational 

level of the ground state where the molecule falls. Thus the structures of different 

vibrational levels can be determined by this technique by analyzing the frequencies 

and relative intensities of emitted light. Emission spectra are formed by exciting a 

fluorophore at some fixed wavelength and detecting the whole range of fluorescence 

emission by some monochromator. (Lakowicz and Masters, 2008). In this study, 

fluorescence spectra of different fluorophores containing capsules were recorded 

using fluorescence spectrometer. 
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1.4.9 Inductively Coupled Plasma Atomic Emission/ Mass Spectrometry (ICP-

AES/ ICP-MS) 

 ICP-AES is a highly sensitive emission spectrophotometric technique, which 

exploits the fact that excited electrons emit energy at a given wavelength as they 

return to ground state. The plasma is usually created by partially ionizing argon gas. 

The high energy plasma converts the element/ metal into atomic form which in turn is 

detected by mass spectrometer (Allabashi et al., 2009; Scheffer et al., 2008). In the 

case of ICP-MS the ionized analyte of interest created in the presence of inductively 

coupled plasma is measured by mass spectrometer on the basis of mass to charge ratio 

of different ions formed. Whereas, the fundamental characteristic of the process of 

ICP-AES is that each element emits energy at specific wavelengths peculiar to its 

chemical character. Although each element emits energy at multiple wavelengths, in 

the ICP-AES technique it is most common to select a single wavelength (or a very 

few) for a given element. The intensity of the energy emitted at the chosen 

wavelength is proportional to the amount (concentration) of that element in the 

analyzed sample. Thus, by determining which wavelengths are emitted by a sample 

and by determining their intensities, the analyst can quantify the elemental 

composition of the given sample relative to a reference standard. When comparing the 

sensitivity of both techniques ICP-MS is more sensitive/ beneficial as compared to 

ICP-AES because its detection capability is superior to ICP-AES for the same analyte 

of interest with particular reference to rare earth elements, isotope speciation, etc. 

Detection limit of ICP-MS falls in parts per trillion which ranges from parts per 

million to parts per billion in the case of ICP-AES. In this study, the concentration of 

gold bound to different templates was determined by means of ICP-AES. 

1.4.10 Atomic Absorption Spectroscopy (AAS) 

 AAS is a spectroanalytical technique which is used for the qualitative and 

quantitative determination of elements based on the absorption of optical radiation 

(light) by free atoms of that element in the gaseous state. Usually the concentration of 

particular elements is determined and until now more than 70 elements, either in solid 

state or in solution can be determined by this technique. It basically works on the 

principle of absorption spectrometer for assessing the concentration of analyte based 

on Beer-Lambert law in which the analytes of known concentrations are used to build 
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a calibration curve and the concentration of unknown sample of same element is 

determined by that calibration curve. For a short period of time (usually 

nanoseconds), the electrons of the atom are excited to higher orbitals by exciting them 

with a defined wavelength. This excitation wavelength is specific to particular 

electron transition for a specific element, which means each wavelength corresponds 

to only one element.  The difference of the radiation coming out the reference and the 

sample gave a record of concentration of the sample on a detector (Welz and Sperling, 

1999). In this study, the concentration of casein stabilized silver nanoparticles for 

cellular uptake studies and that of PHMB stabilized silver nanoparticles used in 

antibacterial studies was determined using AAS.  

1.4.11 Fourier Transform Infrared Spectroscopy (FTIR) 

 Infrared spectroscopy is based on the fact that molecules absorb specific 

electromagnetic radiations depending upon their structure. These absorption or 

resonant frequencies (frequency of the absorbed radiation), upon matching the 

frequencies of the bonds or the vibrating groups, provide information about the 

functional groups present in the molecule because the energies are determined by the 

shape of the molecular potential energy surfaces, the masses of the atoms and their 

associated vibrational couplings. FTIR is a functional groups analytical technique, 

which collects spectral data in a wide range having significant advantages compared 

to dispersive spectrometer which can measure the intensity in a narrow range at a 

time. In this instrument Fourier transform (a mathematical algorithm) converts the 

raw data into actual spectrum. Thus it is very useful technique for locating/ 

determining functional groups in a sample, secondary structure of proteins, etc 

(Griffiths and De Haseth, 2007; Surewicz et al., 1993). In the current work, FTIR was 

used to determine the functional groups and thus the chemistry of capping ligands 

bound to the surface of metal nanoparticles. 
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Protein-Mediated Synthesis, pH-Induced Reversible Agglomeration, 

Toxicity and Cellular Interaction of Silver Nanoparticles 

2.1 Introduction and Review of Literature 

 Metal nanoparticles, especially gold and silver, are currently among the most 

attractive nanomaterials due to their enormous applications in electronics (Tripathi, 

2003), photonics (Wang and Asher, 2001), optoelectronics (Cui and Lieber, 2001), 

sensing (McFarland and Van Duyne, 2003), catalysis (Jana et al., 1999; Jiang et al., 

2005), antimicrobial products (Sharma et al., 2009; Sondi and Salopek-Sondi, 2004), 

pharmaceuticals (Ülkür et al., 2005) and therapeutics (Jain et al., 2009; Shao et al., 

2011). The nanosilver-containing products presently comprise more than 50% of the 

inventoried consumer products due to their relatively low cost and antimicrobial 

activity against a wide range of bacteria and fungi. For example, silver nanoparticles 

are being incorporated into clothes, bandages, and food containers as deodorizers and 

disinfectants (Benn and Westerhoff, 2008). In addition studies have been conducted to 

explore the use of silver nanoparticles for the disinfection of drinking water and more 

recently as an insecticide to control the attack of pests on various crops (Li et al., 

2008). 

 Most of the aforementioned applications of silver nanoparticles are due to 

their size and shape-dependent unique chemical and physical properties (Evanoff Jr 

and Chumanov, 2005; Jiang et al., 2005; Kiss et al., 2011; Krutyakov et al., 2008; 

Luo et al., 2008; Panigrahi et al., 2006; Yang et al., 2007). Though several protocols 

already exist to prepare silver nanoparticles, the reproducible production, stability and 

control over their size and shape is still a challenge in comparison to gold 

nanoparticles. This is probably due to easier oxidation of reduced silver and its 

complex interaction with a variety of currently used stabilizers for such 

nanomaterials. Therefore, serious efforts are required to develop more efficient, 

reproducible, sustainable, environmental friendly and economically viable protocols 

not only for the production of size and shape-controlled silver nanoparticles but also 

to achieve a fair control over their surface chemistry for subsequent applications. The 

common pathways to produce silver nanoparticles include borohydride reduction (Qu 

et al., 2006), acrylate/citrate reduction (Dong et al., 2009; Hussain et al., 2003; Lee et 

al., 2010; Xia et al., 2009), polyol process (Silvert et al., 1997; Wiley et al., 2004), 
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microwave irradiation (Baruwati et al., 2009; Gao et al., 2005; Hu et al., 2008; 

Nishioka et al., 2011), the use of plant extracts and vegetable oils (Ali et al., 2011; 

Chandran et al., 2006; Krishnaraj et al., 2010; Kumar et al., 2008; Li et al., 2007; 

Nadagouda and Varma, 2008), photoreduction (Marignier et al., 1985), amino acids 

(Hu et al., 2008) and vitamins, etc (Nadagouda and Varma, 2007). However, the 

synthesis of silver nanoparticles in pure protein system is fairly scarce, and is a 

challenge that requires exquisite crystal growth control. Recently, a few proteins such 

as bovine serum albumin (BSA) and lysozyme have been reported to produce 

subnanometer gold/ silver clusters which are fluorescent (Guo and Irudayaraj, 2011; 

Lin et al., 2009; Wei et al., 2010; Xie et al., 2009). In those cases, the “surface 

wrapping” model is considered to play an important role in controlling the formation 

of these nanomaterials (Xie et al., 2007). The formation of metal 

nanoclusters/nanoparticles in protein system is very complex, and depends much on 

the sequence, size, conformation and charge of the protein in the system. A systematic 

study on the synthesis of silver nanoparticles using various proteins with different 

structures is still lacking and, if properly explored, may lead not only to the clues on 

how to control the shape and size of the resulting nanoparticles, but also contribute to 

the understanding of the mechanisms of the growth process of such nanomaterials. 

 Casein proteins are the most economical and readily available globular 

proteins which are major components of milk proteins (~ 38% of bovine caseins) 

(Kamiya et al., 2009). These are proline-rich, open-structured rheomorphic proteins 

(i.e. they assume any one of several energetically favorable conformations in 

solution), which have distinct hydrophobic and hydrophilic domains (Livney, 2010). 

Due to these hydrophobic and hydrophilic domains, casein proteins are naturally self-

assembled into casein micelles, which are spherical colloidal particles, 50–500 nm 

(average 150 nm) in diameter (Livney, 2010). They comprise about 94% protein and 

6% low molecular weight compounds collectively called colloidal calcium phosphate. 

They are extremely well adapted to their evolutionary tasks of concentrating, 

stabilizing and delivering calcium, phosphate and protein from the mammalian 

mother to its neonate. Moreover, the open structure of the caseins, due to their high 

proline content, makes them readily accessible for proteolytic cleavage. This along 

with the acid-soluble calcium-phosphate bridging, makes an excellent target-activated 

release mechanism for unloading the cargo in the stomach. The casein micelle is 

indeed a remarkable example of a natural nano-vehicle for nutrient delivery. In 
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addition, the supramolecular assembly of casein proteins offers multifunctional 

properties and is influenced by the change in pH, salt, temperature, and the solvent in 

which these proteins are dispersed (Alkaabi et al., 2005; Liu and Guo, 2008; Qi et al., 

2004; Uversky and Goto, 2009; Weijers et al., 2003). Casein micelles can also be 

cross-linked chemically to produce thermally responsive proteinaceous nanoparticles 

(Kamiya et al., 2009). Moreover casein proteins have many structural properties and 

functionalities which make them highly suitable as vehicles or as components for the 

construction of vehicles for delivering various bioactives (Liu et al., 2010; Livney, 

2010; Shapira et al., 2010). Despite these applications and easy availability, casein 

proteins have not been much explored to produce metal nanoparticles, which, in 

addition to being biocompatible, stable, and chemically diverse, may also have stimuli 

responsive properties. 

 In the current study casein proteins were used to produce biocompatible/ 

biotolerable and highly stable silver nanoparticles with a fair control over their size 

without using any additional reducing agent. The highly stable silver particles formed 

under alkaline conditions undergo reversible agglomeration at acidic pH. pH-induced 

agglomeration of primary silver nanoparticles can also be controlled to produce fairly 

spherical aggregates. Cytotoxicity of such hybrid materials was examined using a 

Resazurin based cytotoxicity assay, which is based on mitochondrial activity of the 

living cells. After determining the LD50 (lethal dose toxic to 50% of the cells under 

given experimental conditions) using NIH/3T3 fibroblast cells, the cellular uptake of 

these hybrid nanoparticles was studied to demonstrate their potential applications to 

deliver bio-actives.  

2.2 Objectives 

The study performed here basically has following major objectives 

1- Synthesis of silver nanoparticles by using casein as a sole capping and 

reducing agent. 

2- Study the effect of change of different parameters on synthesized particles, 

such as the effect of pH on their reversible agglomeration, their salt tolerance 

and stability on freeze drying, etc. 

3- Determination of cytotoxicity of these silver nanoparticles and study of their 

cellular uptake as potential carrier for bioactives. 
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2.3 Materials and Methods 

2.3.1 Materials 

 Casein (Molecular weight 75 – 100 kDa) used in this work was of 

Hammerstein grade purchased from MP Biomedicals. Tris (hydroxymethyl) amino 

methane, phosphate buffered saline (PBS), silver nitrate, sodium hydroxide and 

hydrochloric acid were purchased from Sigma-Aldrich. All solutions of casein were 

prepared in 50 mM Tris buffer and pH was adjusted using 1 M NaOH/H2SO4. 

Resazurin based toxicology kit, TOX-8 was purchased from Sigma-Aldrich to 

determine the LD50 of the silver nanoparticles. NIH/3T3 fibroblast cells were obtained 

from LGC Promochem Cell Biology Collection. ATCC complete growth medium, 

Dulbecco’s Modified Eagle’s medium, was used for the cultivation of cells. WGA-

Alexa from Molecular Probes was used for staining the membranes of the cells while 

observing them under confocal laser scanning microscope. Ultrapure water with a 

resistivity of 18.2 MΩ.cm was used as the solvent in all preparations. 

2.3.2 Characterization of Nanomaterials 

 Transmission electron microscopy (TEM) of silver nanoparticles was carried 

out using a high resolution transmission electron microscope (JEOL, JEM-3010) 

operating at 300 kV. Scanning electron microscopy (SEM) of casein-silver 

nanoparticle agglomerates was carried out using a field emission scanning electron 

microscope (JEOL, JSM-7500F). Nanoparticle specimens for inspection by 

transmission electron microscopy were prepared by slow evaporation of one drop of a 

dilute aqueous solution of the particles on a carbon coated copper mesh grid. Image J 

software was used to calculate the particle size distribution from transmission electron 

micrographs. The samples of casein-silver nanoparticle agglomerates were loaded 

onto copper stubs, without further conductive coating, for analysis by field emission 

scanning electron microscopy. The particle size distribution and surface potential of 

nanoparticles was determined using Zetasizer Nano ZS (Malvern Instruments). The 

surface chemistry of silver nanoparticles was investigated with a Bruker Alpha-P 

FTIR with a diamond ATR attachment. UV-visible spectra of silver nanoparticles 

suspension were recorded using an Agilent 8453 UV-visible spectrophotometer. The 

approximate concentration of silver nanoparticles was determined using a fast 

sequential atomic absorption spectrometer (AA240FS) by VARIAN. pH meter by 
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Sartorius with ATC combination electrode was used for maintaining the pH during 

synthesis of silver nanoparticles and for checking the effect of pH on the synthesized 

silver nanoparticles. Thermo electron corporation Varifuge 3.0 R by Fisher Scientific 

was used for filter purification of silver nanoparticles using Amicon
® 

ultra centrifugal 

filters by Millipore Corporation, having molecular weight cut off (MWCO) 100 kDa. 

CLSM 5 PASCAL Confocal laser scanning microscope from Carl Zeiss was used for 

live cellular imaging using zeta scanning/staking option. Samples were observed 

through a 100X/1.45 NA oil-immersion PLAN-FLUOR objective. Fluorescence 

spectrometer, Fluorolog® spectrofluorometer (FL3-122) by HORIBA Jobin Yvon 

was used for taking fluorescence spectra. For plate reading, Micromax 384 microwell-

plate reader compatible with Fluorolog
®

 was used. 96 well assay plates 3603 by 

Corning were used for cytotoxicity experiments. Culture flasks for growing cells were 

by GIBCO BRL cell culture products and services. Neubauer improved counting 

chamber (haemocytometer) by MARIENFELD Laboratory glassware was used for 

counting cells. Cyber-shot DSC-H10/B digital camera by SONY was used for 

capturing digital camera pictures.  

2.3.3 Methodology 

2.3.3.1 Synthesis of silver nanoparticles  

 In a typical experiment to synthesize silver nanoparticles, a given volume of a 

warm (50 – 60 
o
C) suspension of casein (ideally, 10 mL, 1%; from 0.02 mL to 15 mL 

of 1% casein were tried) in 50 mM Tris-buffer, set at a desired pH (ideally 13; from 

pH 8 to 14 all pH values were checked), was added quickly to a boiling aqueous 

solution of AgNO3 (25 mL, 1 mM) under vigorous stirring. The color of the reaction 

mixture gradually changed from colorless to light yellow to yellow to brown 

depending on the reaction conditions (pH and casein concentration) within 5 – 10 

minutes. The reflux was continued for one hour to ensure complete reaction resulting 

in the formation of a brownish silver nanoparticles suspension. The nanoparticles 

suspension was then filter purified to remove excess casein proteins and other 

impurities using centrifuge filters and then stored at room temperature for further 

analysis and use in subsequent experiments. 
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2.3.3.2 Determination of the LD50 of silver nanoparticles  

 Resazurin based cytotoxicity assay, based on mitochondrial activity of the 

living cells was performed to determine the LD50 of the silver nanoparticles. For this 

purpose NIH/3T3 fibroblast cells were seeded in a 96 well plate (15000 cells/well) in 

100 µL of growth medium and incubated at 37 °C with a constant supply of CO2 at 

5% for 24 hours. After 24 hours the cells were washed with PBS and incubated, in 

triplicate, with growth media containing varying concentrations of silver nanoparticles 

(serial dilution of silver nanoparticles was used to examine the cytotoxicity effect of a 

broad range of nanoparticles i.e. 1.25 
_
 2.04×10

-9 
µg/mL from maximum to minimum 

concentrations respectively) and a positive control containing no silver nanoparticles. 

After 24 hours of incubation of the cells with silver nanoparticles (as used in 

experiments), growth media was aspirated from all wells, the cells were washed with 

PBS and finally 100 µL of 10% Resazurin solution in growth media was added into 

each well. Resazurin solution alone was added in the last 3 wells which served as 

negative control and the assay plate was incubated 3 hours under the same conditions 

as described above. After 3 hours of incubation, the fluorescence of each well of the 

assay plate was measured on a fluorescence spectrometer using an excitation 

wavelength of 560 nm and the emission spectra were recorded from 572 to 650 nm 

with 1 nm resolution and a slit of 5 nm. Took mean of maximum fluorescence 

intensity values (from 578 - 585 nm; as there was maximum fluorescence intensity 

detected in this region) for each concentration used (as each concentration of silver 

nanoparticles was used in triplicate) and calculated their standard deviation. Adjusted 

standard deviation values proportional to the mean values of maximum fluorescence 

intensity. Took mean of the background values from 640 - 650 nm and calculated 

their standard deviation. Adjusted standard deviation values proportional to the mean 

values of background fluorescence intensity. For background correction subtracted the 

mean of background values from the mean of maximum fluorescence values for each 

concentration. Normalized all values obtained with respect to the maximum 

fluorescence values. The mean values of the normalized fluorescence intensity of 3 

experiments were plotted against the concentrations of silver nanoparticles used. As a 

result a sigmoidal distribution was achieved and this was fitted as a function of a 

logistic dose response curve to get LD50 value (i.e. lethal dose which was toxic to 

50% of the cells under given experimental conditions). 



Protein-Mediated Synthesis, pH-Induced Reversible Agglomeration, Toxicity and Cellular Interaction of Silver Nanoparticles 

48 

2.3.3.3 Cellular uptake of silver nanoparticles 

 After determining the LD50 of silver nanoparticles, their cellular uptake by 

NIH/3T3 fibroblast cells was examined. For this purpose cells were grown at a 

density of 25,000 cells per well on micro-slide (ibidi) plate having 8 wells. After one 

day when it was confirmed that all cells have properly been attached to the surface/ 

bottom of the plate wells, the growth media was removed, the cells were washed with 

PBS and incubated with silver nanoparticles using a concentration (0.025 µg/mL), 

lower than the LD50 value (0.314  0.073 g/mL) of these particles. Some wells were 

left without adding silver nanoparticles to serve as control for the experiment. The 

period of incubation with silver nanoparticles was varied from 24 hours to 48 hours 

depending upon the experiment. After incubation with silver nanoparticles, cells were 

washed with PBS and their cellular/ nuclear membranes were stained with WGA-

Alexa 594. CLSM 5 PASCAL confocal laser scanning microscope (Carl Zeiss) was 

used for live cellular imaging using zeta scanning/stacking option. Samples were 

observed through a 100X/1.45 NA oil-immersion PLAN-FLUOR objective by using 

excitation wavelengths of 488 nm (Ar/Kr laser) and 543 nm (He/Ne laser) to measure 

the reflectance signal from silver nanoparticles in the range of 470 - 500 nm and the 

fluorescence from WGA-Alexa labeled cellular membranes respectively.  

2.4 Results and Discussion 

 Various proteins have previously been used to functionalize metal 

nanoparticles to generate specific interaction of nanoparticles with anti-proteins. In 

most of the cases, protein functionalization of metal nanoparticles was either achieved 

by electrostatic and non-specific adsorption of proteins or by covalent interaction 

through cysteine residues or by conjugating the proteins by the formation of amide 

bonds between the proteins and already bound organic molecules at the nanoparticle’s 

surface. Once the proteins are on the nanoparticle’s surface, protein chemistry can 

then be exploited to use the nanoparticles for a variety of bio-applications. In addition 

to their role as stabilizers, proteins have recently been reported to produce metal 

nanoparticles and fluorescent nanoclusters without the use of additional reducing and 

stabilizing agents. In the current study in order to produce biocompatible metal 

nanoparticles, the potential of casein proteins to produce silver nanoparticles is 

explored, observed the influence of pH-driven self-assembly of casein molecules on 
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nanoparticles agglomeration, evaluated their cytotoxicity and finally examined their 

uptake by living cells to demonstrate their potential applications as drug delivery 

vehicles. 

 Casein proteins are known to form micelles in the pH ranges from 2 – 3 and 

5.5 – 12 (Liu et al., 2008). The casein molecules in these micelles are held together by 

calcium ions and hydrophobic interactions rendering their surface hydrophilic in polar 

solvents (Dalgleish et al., 2004; Walstra, 1999). Due to significant effect of pH on 

casein micelles structure, initially the effect of pH on the formation of silver 

nanoparticles was investigated. And studied the effect of pH on nanoparticle 

formation beyond pH 8, because casein forms fairly clear suspension in Tris-buffer at 

pH beyond 8. Optical images of silver nanoparticles formed at pH 10 – 14, are given 

in Figure 2.1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Optical images of casein-stabilized silver nanoparticles formed using 10 mL of 

1% casein per 25 mL of 1 mM AgNO3 at different pH 14 (a), 13 (b), 12 (c), 11 (d) and 10 (e). 

 Though particles formation can be observed at pH 9, their yield and 

monodispersity increases with an increase in pH up to 13 as was evident from the 

surface Plasmon resonance (SPR) band of these nanoparticles. The SPR band, which 
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is due to collective oscillations of electrons at the nanoparticle’s surface, is a 

characteristic of silver nanoparticles. It becomes more intense and narrower as pH 

increases from 9 to 13 (Figure 2.2) indicating a higher yield and narrower dispersion 

of nanoparticles, respectively. It is believed that tyrosine and histidine residues of 

casein may be responsible for the reduction of ionic silver (Ag
1+

) to zerovalent silver. 

The reduction potential of several carboxyl group containing molecules is already 

known to be improved at higher pH, that is why most of the hydrosols of gold and 

silver are produced using sodium salts of carboxylic acids. The optimum pH for the 

formation of fairly uniform silver nanoparticles was thus found to be 13 and all the 

nanoparticles for further characterizations and applications were produced at this pH. 

 

Figure 2.2. UV-visible absorption spectra showing the effect of pH on the synthesis of casein 

mediated silver nanoparticles. 
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 After optimizing the pH, the effect of concentration of casein on the formation 

of silver nanoparticles was explored by adding 0.02 to 15 mL of 1% casein 

suspension in Tris-buffer to 25 mL of 1 mM silver salt solution. Optical images of 

silver nanoparticle suspensions formed by using different casein concentrations are 

given in Figure 2.3.  

 

Figure 2.3. Optical images of solutions of silver nanoparticles prepared at pH 13 using 0.1 

(a), 0.5 (b), 1 (c), 2.5 (d), 5.0 (e), 7.5 (f), 10 (g), 12.5 (h) and 15 mL (i) volume of 1% casein 

solution in Tris buffer while using same amount of silver nitrate solution (25 mL, 1 mM). 

 No particles formation was observed when the amount of casein suspension 

was less than 0.05 mL/25 mL of 1 mM silver salt solution. The SPR band, however, 

started appearing when the amount of casein suspension was 0.05 mL/25 mL of 1 mM 

AgNO3 solution and became more prominent, intense and narrower (Figure 2.4) as 

the concentration of casein was increased up to 10 mL casein suspension/25 mL silver 

salt solution indicating the formation of higher concentration and more uniform silver 

nanoparticles under these conditions. Further increase in casein concentration resulted 

in low yield and polydisperse particles. The fairly uniform nanoparticles, produced at 

pH 13 and at optimum concentration of casein (10 mL casein suspension/25 mL of 1 

mM silver salt solution), are probably due to the formation of fairly uniform micelles 

of casein in aqueous media under these conditions. Due to the hydrophilic surface 

chemistry of these micelles, the so-formed silver nanoparticles were also soluble in 

other polar solvents such as methanol, ethanol, tetrahydrofuran, and pyridine, etc. 

These silver nanoparticles were also found to be highly stable and can be centrifuged 

and re-dispersed in water for several times and do not show any significant change in 

SPR band, even upon the addition of 0.5 M sodium chloride solution. This indicates 

strong interaction of casein with silver nanoparticles, which can prevent them from 

agglomeration under electrostatic imbalance. These nanoparticles can also be freeze-

dried, stored as dry powder and then dispersed in aqueous media whenever required. 
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Figure 2.4. UV-visible absorption spectra showing the effect of the concentration of casein 

on the synthesis of silver nanoparticles. 

 FTIR spectroscopy is a valuable tool to monitor the secondary structural 

nature of proteins in various environments (Liu and Guo, 2011). The positions of the 

amide I (C=O stretch, 1600 – 1700 cm
−1

) and the amide II (C–N stretch and N–H 

deformation, 1530 – 1560 cm
−1

) band frequencies can be easily correlated to the 

structure of proteins. The specific stretching and bending vibrations of the peptide 

backbone in amide I, II, and III bands provide information about different types of 

secondary structures such as α-helix, β-sheets, turns, and unordered structures. Of all 

the amide bands of the peptide group, amide I has proven to be the most sensitive 

probe of protein secondary structure. FTIR spectra (Figure 2.5) of native casein and 

that bound to the nanoparticles surface show obvious changes in both shape and peak 

positions, which suggests the changes in the secondary structure of casein after 

nanoparticles formation. The appearance of a band at 1644 cm
−1

 in casein indicates 

the unordered structures of the protein because of the high content of proline residues. 

However, in case of casein-silver nanoparticle conjugates this band is shifted, 

indicating a content of α-helix structure. The secondary amide peak, centered at 1514 

cm
-1

 in case of native casein, is also shifted in the case of casein stabilized silver 



Protein-Mediated Synthesis, pH-Induced Reversible Agglomeration, Toxicity and Cellular Interaction of Silver Nanoparticles 

53 

nanoparticles. This strongly suggests that the lone pair of the electrons present on 

nitrogen of amide I and II region may have an important role in the formation/ 

stabilization of silver nanoparticles. A band centered at 1445 cm
-1

, due to the presence 

of 
δ
CH of CH2 group in native protein, also disappeared in casein stabilized silver 

nanoparticles. From these results it can be inferred that the hydrophobic part and 

amide functionality of casein is involved in the stabilization of silver nanoparticles, 

which might thus be encapsulated in the core of micelles with negatively charged 

carboxylic exterior under alkaline conditions. This was further confirmed by 

measuring the surface potential of these nanoparticles, using the Zetasizer nano ZS, 

which was found to be -25 mV (Figure 2.6) thus confirming the presence of 

negatively charged carboxylic groups extending out from the surface of silver 

nanoparticles. 

 

Figure 2.5.  FTIR spectra of casein (a) and casein stabilized silver nanoparticles (b). 
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Figure 2.6. Zeta potential of casein stabilized silver nanoparticles formed under optimum 

reaction conditions (10 mL 1% casein suspension/25 mL of 1 mM silver salt solution at 

pH 13). 

 In order to analyze the morphology of silver nanoparticles, they were 

characterized using transmission electron microscopy. The size and size distribution 

of the nanoparticles was measured using the image J program while measuring at least 

300 particles to get representative data. The transmission electron microscopic 

analysis data was in close agreement with the information obtained using UV-visible 

spectroscopy, showing the formation of more uniform silver nanoparticles under 

optimum conditions (i.e., using 10 mL casein suspension/25 mL 1 mM silver salt 

solution at pH 13). Transmission electron micrographs (Figure 2.7a and 2.7b) show 

that the size of nanoparticles decreases with an increase in the concentration of casein 

until its optimum concentration beyond which polydispersity of nanoparticles 

increases. Figure 2.7c and 2.7d show the histograms of nanoparticles produced by 

using 1 mL and 10 mL of casein suspension respectively. The particles formed by 

using 1 mL of casein suspension were mostly in the size regime of ca. 10 - 15 nm and 

comparatively more polydisperse as compared to those formed by using 10 mL of 

casein suspension, in which case the majority of the particles were in the size regime 

of ca. 3 - 8 nm and fairly uniform in size. These results were also consistent with the 

size distribution data obtained while analyzing the hydrodynamic diameter of these 
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nanoparticles using dynamic light scattering (Figure 2.8). In Figure 2.9 some 

additional TEM micrographs by using other concentrations of casein per 25 mL of 1 

mM AgNO3 solution are given. 

 

Figure 2.7.  Transmission electron micrographs of silver nanoparticles formed using 1 mL (a) 

and 10 mL (b) of 1% casein per 25 mL of 1 mM AgNO3. Scale bar corresponds to 50 nm. 

Histograms showing size distribution of silver nanoparticles formed using 1 mL (c) and 10 

mL (d) of 1% casein per 25 mL of AgNO3 respectively. 
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Figure 2.8. Histograms showing the size distribution of silver nanoparticles, as obtained 

using dynamic light scattering measurements with a Zetasizer Nano ZS, formed using 1 mL 

(a) and 10 mL (b) of 1% casein per 25 mL of 1 mM AgNO3 respectively. 
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Figure 2.9. Transmission electron micrographs of silver nanoparticles formed using 0.1 mL 

(a), 5 mL (b), 7.5 mL (c) and 12.5 mL (d) of 1% casein per 25 mL of 1 mM AgNO3. Scale bar 

corresponds to 200 nm (a), 50 nm (b) and (c) and 100 nm (d).  

 Casein is a globular protein and its globular nature becomes more prominent 

when its pH approaches towards its isoelectric point (pI 4.6) at which it has least 

solubility in aqueous media and thus precipitates out. Study of the agglomeration 

behavior of casein-stabilized silver nanoparticles was also performed by 

systematically lowering the pH from 13 (the pH at which the nanoparticles were 

formed) to 2, which is well below its pI. The nanoparticles remain suspended in 

aqueous media until pH 8, without any significant change in their UV-visible 

spectrum, below which the nanoparticle suspensions become slightly cloudy due to 

agglomeration of nanoparticles as indicated by the broadening and decrease in the 
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intensity of SPR band (Figure 2.10). The nanoparticles started precipitating at pH 5.7, 

as indicated by the intense turbidity of nanoparticles suspension, and were almost 

completely precipitated at pH 4.8 and thus settled down at the bottom of the container. 

The agglomeration of silver nanoparticles was starting after pH 7, getting more 

intense at pH 5.7, and below up to pH 2. This agglomeration of nanoparticles is 

primarily due to hydrogen bonding, cation-π interaction and hydrophobic interaction 

among casein molecules. The agglomeration of nanoparticles was also monitored 

using UV-visible spectroscopy. Figure 2.10 shows a decrease in the intensity and 

broadening of the SPR band with decrease in pH. The appearance of a shoulder at pH 

5 and below shows a clear agglomeration of these nanoparticles. The pH-induced 

agglomeration of silver nanoparticles was reversible and they can be re-suspended in 

aqueous media by increasing the pH to 9 and higher.  

 

Figure 2.10. UV-visible absorption spectra showing the effect of decreasing pH/ change of 

pH of silver nanoparticles formed under optimum conditions using 10 mL of 1% casein per 

25 mL of 1 mM AgNO3 at pH 13. 

 Optical images of agglomeration and dispersion of silver nanoparticles at 

different pH are given in Figure 2.11 and a schematic description of the process is 

also given in Figure 2.12. The agglomeration of silver nanoparticles with a decrease 
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in pH was also confirmed by analyzing the selected samples using transmission 

electron microscopy as are given in Figure 2.13.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11. Optical image showing the effect of change of pH on the agglomeration 

behavior of casein-stabilized silver nanoparticles. Particles were agglomerated together with 

casein by lowering the pH of the solution to the isoelectric point of casein. By increasing the 

pH again to basic range, particles could be redispersed. (a) pH 13, (b) pH 12, (c) pH 11, (d) 

pH 10, (e) pH 9, (f) pH 8, (g) pH 7, (h) pH 6, (i) pH 5.5, (j) pH 5.4 , (k) pH 4.80, (l) pH 4.62 

(isoelectric point of casein), (m) again at pH 13. 
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Figure 2.12. Scheme showing the pH-induced reversible agglomeration and 

dispersion of casein stabilized silver nanoparticles. 
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Figure 2.13. Transmission electron micrographs of silver nanoparticles formed using 10 mL 

of 1% casein per 25 mL of 1 mM AgNO3 at pH 13 (a), after gradually lowering the pH to 11 

(b), 9 (c), 7 (d), 6 (e), 4.6 (f), 3 (g) and again increasing to pH 13 (h). Scale bar corresponds to 

50 nm. 

 It was possible to assemble silver nanoparticles using lower concentrations of 

casein (0.1 mL of 1% casein/25 mL of 1 mM silver salt solution) into fairly uniform 

and spherical assemblies by lowering the pH down to 3.32 as shown in scanning 

electron micrographs in Figure 2.14. Such assemblies were, however, not formed by 

the nanoparticles produced using higher concentrations of casein. At the isoelectric 

point of casein, the silver nanoparticles produced at higher concentrations of casein 

were, however, completely agglomerated and can be clearly seen on the assemblies of 

globular casein as shown in the scanning electron micrographs in Figure 2.15. All 

these casein-silver nanoparticle agglomerates can be easily dispersed by increasing 

the pH beyond 9. Due to pH-induced reversible agglomeration of such biocompatible 

silver nanoparticles, they may be potentially useful for the controlled delivery and 

release of drugs. The known toxicity of silver nanoparticles due to their corrosion/ 

oxidation and subsequent release of silver ions could, however, be a problem for any 

such applications. Current findings show that casein proteins are bound strongly to the 

silver nanoparticles, as is evident from their stability against electrostatic imbalance 

and freeze-drying, and may resist the oxidation/ corrosion of silver nanoparticles. 
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Thus more study is certainly required to evaluate the potential and fate of casein-

stabilized silver nanoparticles for any such applications. 

 

Figure 2.14. Field emission scanning electron micrographs of spherical agglomerates (a) and 

(b) formed by carefully decreasing the pH to 3.32. These silver nanoparticles were formed 

using 0.1 mL of 1% casein per 25 ml of 1 mM AgNO3.  
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Figure 2.15. Field emission scanning electron micrographs (a) and (b) of agglomerates of 

silver nanoparticles along casein formed by decreasing pH to the isoelectric point of casein 

(4.6). These silver nanoparticles were formed using optimum conditions (10 mL of 1% casein 

per 25 mL of 1 mM AgNO3 at pH 13).  

 In order to evaluate the potential of casein-stabilized silver nanoparticles, a 

simple experiment was conducted to observe the uptake of these nanoparticles by 

NIH/3T3 fibroblast cells. Before conducting cellular uptake studies, it was important 

to determine the toxicity and LD50 of these nanoparticles under the given experimental 

conditions (i.e. the time of incubation with nanoparticles, conditions of incubation, 

etc). For this purpose, cytotoxicity measurements were performed on the basis of 

metabolic activity of living cells using a Resazurin based assay. Resazurin (7-

Hydroxy-3H-phenoxazin-3-one 10-oxide) is an oxidoreduction indicator dye. Active 

mitochondria of living cells perform the task of bioreduction of the dye, converting its 

oxidized form (Resazurin, which is non-fluorescent) into its reduced form (Resorufin, 

which fluoresces pink) and changing its color from blue to pink. Since this task is 

performed only by the functional mitochondria, this assay is a very useful tool to 

differentiate live and dead cells and thus to determine the LD50 of these silver 

nanoparticles (O'Brien et al., 2000). The measured fluorescence as derived from this 

assay is directly proportional to the number of live/ viable cells. The incubation time 

with resazurin was chosen very carefully as living cells metabolize resazurin inside 

them, but the fluorescent product, resorufin, is transported outside the cells, where it 

is accumulated in the cell media. When all resazurin is metabolized, the living cells 

begin to convert resorufin into hydroresorufin which is non-fluorescent. Thus greater 
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mistakes may arise due to over metabolism of resazurin as the test is based on 

measuring fluorescence intensity. It was also necessary to incubate cells initially with 

silver nanoparticles for the desired period of time and then add resazurin solution 

afterwards to avoid the bioreduction of resazurin to fluorescent resorufin prior to their 

incubation with the nanoparticles. Here the cells were incubated with nanoparticles 

for 24 hours as to the requirement of cellular uptake studies. Resazurin was then 

added and samples were analyzed to count viable cells, using fluorescence 

spectrophotometer, immediately after 3 hours to avoid further conversion of 

fluorescent resorufin to non-fluorescent hydroresorufin. Silver nanoparticles were 

tested for their cytotoxicity in the concentration range of 1.25 
_
 2.04×10

-9 
µg/mL. The 

LD50 of the nanoparticles was then measured from the sigmoidal curve (logistic dose 

response fit). The results were semi-logarithmic and each represented a non-linear 

regression analysis for the sigmoidal function and the LD50 was calculated to be 0.314 

± 0.073 µg/mL. The results were semi-logarithmic and each represented a non-linear 

regression analysis for the sigmoidal function given below. 
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 Where y is the value of the normalized fluorescence intensity, x stands for 

concentration of the test substance, x0 is the point of inflection which shows LD50, A1 

and A2 determine the y-intercept where A1 is the maximum value of y-intercept and 

A2 shows minimum value along the same y-intercept and p shows the slope of the 

function. 

 Fluorescence emission spectra (Figure 2.16) of the mean of 3 cytotoxicity 

experiments for each concentration of silver nanoparticles show a trend of the action 

of various concentrations of these doses on the viability of cells, which is directly 

proportional to the fluorescence signal here. 
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Figure 2.16. Fluorescence emission spectra of resorufin in the presence of different 

concentrations (µg/mL) of silver nanoparticles. Blank represents the spectra of resazurin in 

the absence of cells. 

 The results of semi logarithmic fit for each concentration of silver 

nanoparticles from where LD50 value was calculated are given in Figure 2.17.  
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Figure 2.17. Results of biocompatibility assay of the tested doses of silver nanoparticles. 

After normalizing the peaks of maximum intensity signals (Figure 2.16) of different 

concentrations of these doses with their corresponding standard deviations for all experiments 

and plotting against the concentrations of silver nanoparticles.  
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Table 2.1 showing different parameters along with their values and errors as 

determined by logistically fitting the curves of the tested doses of silver nanoparticles. 

Parameter Value Error 

A1 0.76795 0.02961 

A2 -0.00754 0.07254 

X0 0.31352 0.07254 

p 44.23366 0.07254 

 

 For all subsequent experiments to study cellular uptake of casein-stabilized 

silver nanoparticles, the nanoparticles dose was chosen to be 0.025 µg/mL, which was 

well below their LD50 value. In order to prevent potential artifacts associated with cell 

fixation, the living cells were imaged using CLSM. As shown in CLSM image in 

Figure 2.18, the silver nanoparticles (red) were found inside the cells after 24 hours. 

The particles were imaged on the basis of their reflectance based on their light 

scattering property (Sokolov et al., 2003). These results are consistent with previous 

findings in which casein hollow nano-spheres were found to be accumulated in the 

cytoplasm of live cells (Liu et al., 2010).  The images of the silver nanoparticles 

inside the cells after 48 hours of incubation with cells (Figure 2.19) revealed that the 

particles were fairly distributed inside the cells. In order to visualize silver 

nanoparticles more clearly inside the cells, the cellular and nuclear membranes, were 

stained with WGA-Alexa 594, with blue emission, and imaged after 30 minutes by 

illuminating with a He/Ne laser (543 nm). A control experiment was performed to 

verify that the distribution of silver nanoparticles inside the cells is really based on 

their reflectance measurements/ light scattering properties and not due to imaging 

artifacts. By means of control experiment in which no nanoparticles were given to the 

cells and only the membranes of the cells were labeled, only blue colored emission 
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from the labeled cellular membranes was observed without any red light scattering 

due to silver nanoparticles (Figure 2.20). So it is believed that the casein protein at 

the surface of nanoparticles plays an important role to keep these nanoparticles 

dispersed in the cytoplasm, however to confirm their exact location inside the cells 

further studies would be required. 
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Figure 2.18. Confocal laser scanning microscope image showing cellular uptake of silver 

nanoparticles in the cytoplasm after 24 hours based on the reflectance of silver nanoparticles. 

(a) Transmission channel, (b) red channel, (c) blue channel (membrane stained), (d) overlay 

of all three channels. Scale bar corresponds to 10 µm. 

  

 

 

 

 



Protein-Mediated Synthesis, pH-Induced Reversible Agglomeration, Toxicity and Cellular Interaction of Silver Nanoparticles 

70 

 

Figure 2.19. Confocal laser scanning microscope image showing cellular uptake of silver 

nanoparticles after 48 hours based on the reflectance of silver nanoparticles. (a) Transmission 

channel, (b) red channel, (c) blue channel, (d) overlay of all three channels. Scale bar 

corresponds to 5 µm. 
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Figure 2.20. Confocal laser scanning microscope image showing WGA-Alexa 594 labeled 

NIH/3T3 fibroblast cellular/ nuclear membranes in the absence of silver nanoparticles. (a) 

Transmission channel, (b) red channel, (c) blue channel, (d) overlay of all three channels. 

Scale bar corresponds to 5 µm. 
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2.5 Conclusion and Future Perspectives 

 The use of casein proteins is demonstrated to produce biocompatible and 

highly stable silver nanoparticles with a fair control over their size without using any 

additional reducing agent. The particles were formed by boiling alkaline aqueous 

solution of casein proteins. Under these conditions, the casein proteins undergo 

significant structural changes and then self assemble on cooling on nanoparticles 

surface to produce highly stable silver nanoparticles. The silver nanoparticles undergo 

reversible agglomeration to form protein-silver nanoparticle composite agglomerates 

as the pH approaches to the isoelectric point of casein protein (pI = 4.6). By 

controlling the concentration of casein protein and pH, it was also possible to control 

the self-assembly of silver nanoparticles to produce fairly uniform spherical 

agglomerates. Cytotoxicity of such hybrid materials was examined using a Resazurin 

based cytotoxicity assay. After determining the LD50 using NIH/3T3 fibroblast cells, 

the cellular uptake of these hybrid nanoparticles was studied to demonstrate their 

potential applications to deliver bio-actives. pH induced reversible agglomeration of 

these hybrid nanoparticles may also be useful for the controlled release of bioactives/ 

drugs. 
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Enhanced Antimicrobial Activity of Cationic Silver Nanoparticles  

3.1 Introduction and Review of Literature 

 Nano sized silver has been used in numerous consumer products including 

textile products, shoes, toys, personal care products, cosmetics, filters for air 

conditioning, laundry detergents, wood flooring, electrical batteries, optical receptors, 

polarizing filters, catalysts, biolabelling agents, sensors and biomarkers, bioactive 

materials, signal enhancers for SERS based enzyme immunoassay and antimicrobial 

agents, etc (Chen et al., 2009; Dubas and Pimpan, 2008; Dubas et al., 2011; Kim and 

Kim, 2006; Morones et al., 2005). But the most useful application of silver 

nanoparticles is demonstrated to produce antimicrobial products due to their 

antibacterial activity (Li et al., 2005; Sondi and Salopek-Sondi, 2004) such as coating 

of medical devices e.g. catheters (Furno et al., 2004; Ohashi et al., 2004) and 

treatment of wounds or burns in the form of skin ointments, creams or attached in 

bandages, body wall repairs, tissue scaffolding, dental treatments, synthetic zeolites 

and antimicrobial filters (Durán et al., 2005; Maneerung et al., 2008; Son et al., 

2004). Due to the antimicrobial activity of silver, it is effective against several 

bacterial strains (Alt et al., 2004; Cho et al., 2005; Morones et al., 2005; Yuranova et 

al., 2006). Since ancient times, silver has been in domestic use in the form of silver 

containers to purify potable water (Russell and Hugo, 1994; Silver et al., 2006) and 

has been used extensively since long for fighting against infection and spoilage based 

upon antiviral and antibacterial properties of the metal, metal ions and compounds 

formulated with silver hence proving it the most effective antibacterial agent (Liau et 

al., 1997; Oka et al., 1994; Oloffs et al., 1994; Pradeep, 2009; Tokumaru et al., 1974). 

Silver and its compounds are nontoxic for humans if administered in minute amount/ 

concentrations hence in normal usage of humans it is nontoxic.  

 Upon treatment of microorganisms with silver ions, their DNA loses its 

replication ability (Feng et al., 2000) and cellular proteins are inactivated (Yamanaka 

et al., 2005). Silver nanoparticles interact with bacterial cell membrane causing 

structural changes and damage which ultimately results in cell death (Sondi et al., 

2004). As a soft acid; silver exhibits strong affinity towards phosphorus and sulfur 

containing soft bases. Therefore DNA having phosphorus along its structural 

backbone and sulfur rich proteins are the major targets for binding of silver 
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nanoparticles (Bragg and Rainnie, 1974; McDonnell and Russell, 1999). This 

mechanism of action prevails specially in case of gram negative bacteria having low 

mechanical resistance of their phospholipidic cellular membranes (5-10 nm thick) 

compared to gram positive bacteria having rigid cellular walls (20-80 nm thick) made 

up of peptidoglycane (Dror-Ehre et al., 2009; Morones et al., 2005; Navarro et al., 

2008; Zhang et al., 2008). The antimicrobial properties of silver nanoparticles are 

known to be dependent on their size and shape as well as on the nature of surface 

bound ligands (Dal Lago et al., 2011; Elechiguerra et al., 2005; Morones et al., 2005; 

Pal et al., 2007;         et al., 2011; Wigginton et al., 2010; Zhang et al., 2008). 

 Due to useful antimicrobial activity of silver nanoparticles, several methods 

have been developed for their production with a varying degree of antimicrobial 

activity. For example, Sondi et al. have synthesized silver nanoparticles by using 

ascorbic acid and these nanoparticles proved to be bactericidal at a concentration of 

50-60 µg/cm
3
 against E. coli (Sondi et al., 2004). Morones et al. have found the 

bactericidal dose of the silver nanoparticles to be 75 µg/mL against E. coli (Morones 

et al., 2005). Gogoi et al. have used sodium borohydride reduced silver nanoparticles 

for inhibition of recombinant E. coli strain and observed that a particle concentration 

of 56.5 and 84.8 µg/mL caused a significant bacteriostatic effect (Gogoi et al., 2006). 

Pal et al. have synthesized silver nanoparticles of different sizes and shapes by 

adopting seed growth method and demonstrated that their antibacterial efficacy 

depend on their shape (Pal et al., 2007). Lee et al. have synthesized silver 

nanoparticles on the surface of fabric in ethanol for their potential applications in the 

production of antimicrobial wound dressing (Lee et al., 2007). Zhang et al. have 

synthesized small sized silver (1 
_ 

7 nm) and gold (3.9 
_ 

7.7 nm) nanoparticles coated 

with hyperbranched poly(amidoamine) possessing terminal dimethyl amine groups 

and these nanoparticles showed very high antibacterial activity even in low 

concentrations i.e. 2 µg/mL  of silver and 2.8 µg/mL of gold nanoparticles 

respectively (Zhang et al., 2008). Jain et al. have formulated an antibacterial gel based 

upon incorporation and slow release of silver nanoparticles entrapped in the gel 

material, having significant potential in therapeutics (Jain et al., 2009). Amato et al. 

have adopted a simple post functionalization methodology in which they have coated 

simple citrate capped silver nanoparticles with biomimetic ligands i.e. cysteine and 

glutathione (Amato et al., 2011) and have found that antibacterial activity of silver 

nanoparticles was due to direct action of nanoparticles (in metallic state) rather than 
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silver ions released into the solution  (Amato et al., 2011). Moreover they have found 

minimum inhibitory concentration of these particles to be 180 µg/mL and 15 µg/mL 

against Staphylococcus aureus and Escherichia coli respectively (Amato et al., 2011). 

Recently Dutta et al. have reported the synthesis of silver nanoparticle-amphiphile 

soft-nanocomposites having significant bactericidal activity against both gram 

positive and gram negative bacteria and found minimum inhibitory concentration 

(MIC) of these particles to be 50 µg/mL against E. coli (Dutta et al., 2011). El 

Badawy et al. have demonstrated the effect of surface charge of capping ligands on 

bactericidal properties of silver nanoparticles against bacillus species (El Badawy et 

al., 2011). Xu et al. have synthesized silver nanoparticles on the surface of dopamine 

modified cotton fabrics possessing durable antibacterial activity (Xu et al., 2011). Dal 

Lago et al. have reported the synthesis of silver nanoparticles in ethylene glycol using 

polyvinylpyrrolidone as a protective agent having potential future bactericidal 

applications in biomedical devices (Dal Lago et al., 2011). Dubas et al. have tuned the 

antimicrobial activity of surgical sutures by coating them with silver nanoparticles 

(Dubas et al., 2011).  

 Beside above mentioned chemical reducing agents for the synthesis of silver 

nanoparticles, various plant and biological extracts have also been used for the 

synthesis of silver nanoparticles such as onion extract (Saxena et al., 2010), callus and 

leaf extracts from plants (e.g. saltmarsh plant) (Nabikhan et al., 2010), tulsi leaf 

extract (Singhal et al., 2011), fungal strain e.g. Aspergillus niger, etc. (Jaidev and 

Naraismha, 2010), have been evaluated for their antimicrobial activity. Among these 

methods of silver nanoparticles production, the particles prepared using tulsi leaf 

extract showed maximum bacteriostatic action at low doses. 

 Polyhexamethylene biguanide (PHMB) is being used in food industry and in 

medicine as an antiseptic since many years due to its broad spectrum antibacterial 

effect. Currently it is being used in many applications including inhibition of 

microbial growth in fabrics (Cazzaniga et al., 2002; Payne and Kudner, 1996), 

treatment of water resources (Kusnetsov et al., 1997), disinfectant for cleaning contact 

lenses (Hiti et al., 2002), manufacturing of mouthwash (Rosin et al., 2001; Rosin et 

al., 2002), prevention of Salmonella infection in hatching eggs (Cox et al., 1998; Cox 

et al., 1999), treatment of infective keratitis (as an antifungal) (Messick et al., 1999) 

and anti-Acanthamoeba (Donoso et al., 2002; Gray et al., 1994; Narasimhan and 

Madhavan, 2002). It is a positively charged polymer having polymeric biguanide 
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units in the backbone of its structure [-(CH2)6.NH.C(=NH).NH.C(=NH).NH-]n, where 

n ranges from 2 to 40 having an average value of 11. Thus depending upon the 

combinations of amino, guanide and or cyanoguanide end groups, its molecular mass 

ranges from 400-8000. Its chemical structure, as reported earlier (Rowhani and 

Lagalante, 2007) is given below. 

 

 

 

 

Where n ranges from 10-13 

 PHMB acts as bacteriostatic if administered at low concentrations i.e. from 1 

to 10 ppm or µg/mL and as bactericidal at high doses i.e. ≥ 10 µg/mL. As the degree 

of polymerization increases its bacteriostatic and bactericidal activity increases 

(Broxton et al., 1983; Gilbert et al., 1990). It damages the membrane integrity by 

nonspecifically interacting with cytoplasmic membrane. The size of polymer affects 

its activity against microbes as it forms domains and cause phase separation as a result 

of its interaction with acidic lipid residues present within plasma membrane. The 

larger the size of polymer the larger domains it will produce causing more disruption 

(Broxton et al., 1984; Ikeda et al., 1984). PHMB affects nucleic acids due to its strong 

interaction with them thus causing structural changes in  them (Allen et al., 2004). 

Allen et al. have reported that at bacteriostatic concentrations of PHMB (less than 10 

µg/mL) against E. coli, its growth was inhibited temporarily but at bactericidal 

concentrations of the polymer i.e. ≥ 10 µg/mL, the bacterial growth was permanently 

inhibited (Allen et al., 2006).  

 Due to antimicrobial properties of PHMB, it has been coated on various 

nanoparticles to improve their antimicrobial activity. For example, Bromberg et al. 

have reported the synthesis of PHMB-coated paramagnetic nanoparticles for 

controlling microbial growth (Bromberg et al., 2009) having bactericidal activity of 5-

15 µg/mL against E. coli (Bromberg et al., 2010) depending on their size. In order to 

improve the antimicrobial activity of silver nanoparticles, we set out to study the 

combined effect of PHMB and silver nanoparticles using E. coli as a test organism. 

The silver and gold nanoparticles were formed by borohydride-reduction of their 
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aqueous salts in the presence of PHMB. The particles formed were characterized by 

UV-visible and FTIR spectroscopy, TEM analysis, zeta size and potential 

measurements. Antibacterial activity test of silver nanoparticles against E. coli 

revealed that PHMB confers significant additive antibacterial property to these 

particles. The bacteriostatic and bactericidal doses of the PHMB-coated silver 

particles were far less compared to the silver nanoparticles synthesized by other 

methods. Effect of varying concentrations of PHMB capped silver nanoparticles on 

microbial growth was studied by measuring specific growth rate (µ, h
-1

) and doubling 

time of E. coli grown in their presence and absence. Increase in concentrations of 

nanoparticles significantly decreased the specific growth rate of E. coli but increased 

their doubling time (td, h).  

3.2 Objectives 

The study performed here basically has following major objectives 

1- Using polyhexamethylene biguanide (PHMB) as a stabilizing ligand for the 

synthesis of silver and gold nanoparticles. 

2- Thorough characterization of PHMB coated silver and gold particles using 

various spectroscopic, electron microscopic and complementary techniques. 

3- Examining the enhanced antibacterial activity of PHMB-coated silver 

nanoparticles against Escherichia coli. 

3.3 Materials and Methods  

3.3.1 Materials 

 Polyhexamethylene biguanide (20% w/v) was purchased from Arch 

Chemicals. Chlorauric acid (HAuCl4), silver nitrate, sodium hydroxide, sodium 

chloride and hydrochloric acid were purchased from Sigma-Aldrich. Tryptone, yeast 

extract and agar were purchased from MP Biomedicals. Pure strain of E. coli was 

provided by Invitrogen. Luria Bertani (LB) medium, used for the growth study of E. 

coli, was prepared using 1% tryptone, 0.5% yeast extract and 1% sodium chloride in 

water and pH was adjusted to 7 using 0.5 M solutions of sodium hydroxide (NaOH) 

and hydrochloric acid (HCl). Ultrapure water with a specific resistance of 18.2 MΩ 

cm was used as solvent in all preparations.  



Enhanced Antimicrobial Activity of Cationic Silver Nanoparticles  

84 

3.3.2 Characterization of Nanomaterials 

 Transmission electron microscopy of metal nanoparticles was carried out 

using a high resolution transmission electron microscope (JEOL, JEM-3010) 

operating at 300 kV. Nanoparticle specimens for inspection by transmission electron 

microscopy were prepared by slow evaporation of one drop of a dilute aqueous 

solution of the particles on a carbon coated copper mesh grid. Image J software was 

used to calculate particle size distribution from transmission electron micrographs. 

The particle size distribution and surface potential of nanoparticles was determined 

using Zetasizer Nano ZS (Malvern Instruments). The surface chemistry of silver 

nanoparticles was determined using Bruker Alpha-P FTIR with a diamond ATR 

attachment. UV-visible spectrum of nanoparticles suspension was recorded using an 

Agilent 8453 UV-visible spectrophotometer. The approximate concentration of silver 

nanoparticles was determined using fast sequential atomic absorption spectrometer 

(AA240FS) by VARIAN. pH meter by Sartorius with ATC combination electrode 

was used for maintaining the pH during LB media preparation. Thermo electron 

corporation Varifuge 3.0 R by Fisher Scientific was used for filter purification of gold 

and silver nanoparticles using Amicon
® 

ultra centrifugal filters by Millipore 

Corporation, Danvers, MA having molecular weight cut off (MWCO) 30 kDa. 

Autoclave used for sterilization during experiments was provided by TOMY SX-700 

high pressure steam sterilizer and laminar flow hood was provided by CRUMASA. 

Cyber-shot DSC-H10/B digital camera by SONY was used for capturing digital 

camera pictures.  

3.3.3 Methodology 

3.3.3.1 Synthesis of silver nanoparticles 

 In a typical experiment to prepare PHMB functionalized silver nanoparticles, a 

given volume of PHMB aqueous solution, starting from 0.67 µg/mL to 200 µg/mL 

(ideally, 15 mL, 20 µg/mL), was added to an aqueous solution of AgNO3 (25 mL, 1 

mM) under vigorous stirring. The reaction mixture was allowed to stir vigorously for 

2 hours to let PHMB form a complex with silver. Freshly prepared aqueous solution 

of sodium borohydride (5 mL, 0.8 mg/mL) was then added quickly to PHMB-Ag 

solution and the reaction was allowed to complete for 5 hours. The yellow/brownish 

suspension of sliver nanoparticles was then filter purified to remove access PHMB 
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and other impurities using centrifuge filters (Amicon
®
 Ultra centrifugal filters by 

Millipore Corporation) having a molecular weight cut off value of 30 kDa, and then 

stored at room temperature for further analysis and use in subsequent experiments. 

3.3.3.2 Synthesis of gold nanoparticles 

 In a typical experiment to prepare PHMB functionalized gold nanoparticles, a 

given volume of PHMB aqueous solution, starting from 0.67 µg/mL to 20 µg/mL 

(ideally, 6 mL, 1.67 µg/mL), was added to an aqueous solution of HAuCl4 (25 mL, 1 

mM) under vigorous stirring. The reaction mixture was allowed to stir vigorously for 

2 hours to let PHMB form a complex with gold. Freshly prepared aqueous solution of 

sodium borohydride (5 mL, 0.4 mg/mL) was then added quickly to PHMB-Au 

solution and the reaction was allowed to complete for 5 hours. The red suspension of 

gold nanoparticles was then filter purified and stored for further analysis by same 

method as mentioned for silver nanoparticles. 

3.3.3.3 Antimicrobial activity of PHMB functionalized silver nanoparticles 

 In order to study the effect of PHMB - stabilized silver nanoparticles on 

bacterial growth, E. coli strain was grown on an agar plate and its fresh colony was 

transferred with the help of a sterilized loop into a shake flask which was then 

incubated in an incubator shaker for 12 hours at 37 °C at a shaking speed of 150 rpm 

under aerobic conditions. The growth of bacteria was measured by taking optical 

density (OD) of samples at 600 nm. When the OD of growth culture approached 1 at 

600 nm, the bacterial culture was then transferred into new shake flasks by adding 

2.5% of inoculum into each flask. Different concentrations of clean PHMB coated 

silver nanoparticles were added in triplicate starting from 0.075 to 0.15 µg/mL of 

silver nanoparticles (different tested concentrations of silver nanoparticles were; 0.075 

µg/mL, 0.09 µg/mL, 0.1 µg/mL, 0.12 µg/mL, 0.135 µg/mL and 0.15 µg/mL) into 

shake flasks just before inoculating with E. coli. Same concentrations of silver 

nanoparticles were also added into LB media for the purpose of control experiment to 

serve as blank while measuring their optical density (OD) at 600 nm. All these shake 

flasks containing E. coli strains and silver nanoparticles, along with controls, were 

placed in an incubator shaker for 24 hours at 37 °C at a shaking speed of 150 rpm. 

The growth of bacteria was monitored by measuring OD of samples at regular time 

intervals (i.e. 2 hours until 16 hours and then after 4 hours until 24 hours) at 600 nm. 
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The bacterial growth curves were then plotted against time based on the data obtained 

by carefully monitoring the bacterial growth. Based on these growth curves, the effect 

of silver nanoparticles on specific growth rate and doubling time of E. coli was 

observed. 

3.4 Results and Discussion 

 Antimicrobial activity of silver nanoparticles is well known and is believed to 

be dependent on the size (Dal Lago et al., 2011; Wigginton et al., 2010), shape 

(Elechiguerra et al., 2005; Morones et al., 2005; Pal et al., 2007), surface bound 

ligands (        et al., 2011; Zhang et al., 2008) and their subsequent surface charge 

(El Badawy et al., 2011). Recently it was reported that surface charge of silver 

nanoparticles is the most important factor in this regard while studying the effect of 

neutral, positively and negatively charged silver nanoparticles on the growth of gram-

positive bacteria belonging to bacillus species (El Badawy et al., 2011). Negatively 

charged silver nanoparticles were found to be the most effective to retard the growth 

of these bacteria. In this study, we have prepared silver nanoparticles which are 

positively charged and, in addition, are functionalized with a known antimicrobial 

agent, PHMB, to enhance the antimicrobial properties of silver nanoparticles towards 

gram-negative bacteria. 

 Since smaller silver nanoparticles are considered to have higher antimicrobial 

activity (Dal Lago et al., 2011; Wigginton et al., 2010), that is why silver 

nanoparticles were produced using borohydride-reduction method in the presence of 

PHMB. The so-formed particles were fairly uniform as indicated by their narrow 

surface Plasmon resonance (SPR) band shown in Figure 3.1. The size of silver 

nanoparticles, however, varied a bit by varying the concentration of PHMB and the 

most uniform nanoparticles were obtained using 15 mL of 20 µg/mL PHMB, while 

keeping other reaction conditions constant, as indicated by their narrow SPR band 

(Figure 3.1). By using lesser concentrations of PHMB, the yield of nanoparticles 

decreased and their polydispersity increased as indicated by a decrease in the intensity 

and broadening of their SPR bands (Figure 3.2). By increasing the concentration of 

PHMB, the PHMB-Ag complex precipitated forming a milky suspension before the 

addition of reducing agent. Similarly small sized gold nanoparticles having narrow 

SPR band (Figure 3.3) were produced using same ligand and reducing agent. Most 

uniform gold nanoparticles were obtained by using 6 mL of 1.67 µg/mL PHMB, 
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while keeping other reaction conditions constant, as indicated by their narrow SPR 

band (Figure 3.3). Below this concentration of PHMB particles were not stable and 

above this concentration their polydispersity increased (Figure 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. UV-visible absorption spectra of PHMB stabilized silver nanoparticles showing 

SPR band at 404 nm. In inset digital camera picture of the solution of silver nanoparticles is 

shown. 
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Figure 3.2. UV-visible absorption spectra of PHMB stabilized silver nanoparticles showing 

optimization of concentrations of PHMB as stabilizing ligand for silver nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. UV-visible absorption spectra of PHMB stabilized gold nanoparticles showing 

SPR band at 533 nm. In inset digital camera picture of the solution of gold nanoparticles is 

shown. 
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Figure 3.4. UV-visible absorption spectra of PHMB stabilized gold nanoparticles showing 

optimization of concentrations of PHMB as stabilizing ligand for gold nanoparticles. 

 Transmission electron micrographs of silver nanoparticles under optimum 

conditions, shown in Figure 3.5, revealed that they were fairly round and uniform in 

size. In order to calculate the size and size dispersity of silver nanoparticles, the size 

of at least 300 particles was measured from TEM micrographs using image J program 

and their histogram showed that about 75% of these particles were in the size range 

ca. 5 
_ 

9 nm (Figure 3.5). From DLS histogram (Figure 3.5) it is clear that majority 

of the particles were of ca. 60 
_ 

140 nm in size, but this size includes the size of 

PHMB layer on the surface of particles beside the real size of particles. 
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Figure 3.5. Transmission electron micrographs of PHMB stabilized silver nanoparticles are 

shown in (a) and (b). Scale bar corresponds to 50 nm. In (c) their size distribution calculated 

directly from TEM micrographs using image J program is shown. Size distribution histogram 

of the particles determined by dynamic light scattering (DLS) measurements is given in (d). 

For DLS measurements each value is a mean of 3 measurements. 

 Transmission electron micrographs of gold nanoparticles under optimum 

conditions, shown in Figure 3.6, revealed that they were also fairly round and 

uniform in size. Their size distribution determined by image J program using similar 

method as used for silver nanoparticles showed that about 85% of these particles were 

in the size range ca. 4 - 7 nm (Figure 3.6). From DLS histogram (Figure 3.6) it is 

evident that majority of the particles were of ca. 50 - 110 nm in size, including the 

size of PHMB layer on the surface of particles. 
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Figure 3.6.  Transmission electron micrographs of PHMB stabilized gold nanoparticles are 

shown in (a) and (b). Scale bar corresponds to (a) 50 nm and (b) 20 nm. In (c) their size 

distribution calculated directly from TEM micrographs using image J program is given. Size 

distribution histogram of the particles determined by dynamic light scattering measurements 

is shown in (d). For DLS measurements each value is a mean of 3 measurements. 

 After the formation of silver and gold nanoparticles, they were purified using 

ultracentrifugation filters to ensure the complete removal of excess PHMB. The 

complete removal of excess PHMB was confirmed by analyzing the filtrate using 

FTIR spectroscopy and centrifuge filtration was repeated unless no characteristic IR 

transmission peaks of PHMB were observed. In order to confirm that PHMB remains 

bound to the clean nanoparticles surface, we measured the surface potential of clean 

nanoparticles which was found to be + 53 and + 33 mV for silver and gold 

nanoparticles respectively, indicating the presence of positively charged PHMB on 

nanoparticles surface (Figures 3.7 and 3.8). 
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Figure 3.7. Zeta potential measurements of PHMB stabilized silver nanoparticles. Three 

measurements were performed for each sample. The mean value of three measurements came 

to be + 53 mV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Zeta potential measurements of PHMB stabilized gold nanoparticles. Three 

measurements were performed for each sample. The mean value of three measurements came 

to be + 33 mV. 
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 In order to further confirm the functionalization of silver and gold 

nanoparticles with PHMB, they were characterized using FTIR spectroscopy which is 

a valuable tool to characterize various functional groups in organic molecules. PHMB 

shows sharp spectral peaks between 1200 cm
-1

 and 1700 cm
-1

 as is shown in its FTIR 

spectrum (Figure 3.9). Its strong absorption peak centred at 1536 cm
-1

 is shifted/ 

disappeared in PHMB-modified metal nanoparticles indicating the interaction of 

imine groups of PHMB with the nanoparticles.  

 

Figure 3.9.  FTIR spectra of PHMB stabilized silver and gold nanoparticles in comparison 

with the FTIR spectra of PHMB. The pink, red and blue peaks corresponds to PHMB, PHMB 

stabilized silver and gold nanoparticles respectively. 

 After confirming the presence of PHMB on the surface of clean silver 

nanoparticles, their antimicrobial activity was determined. PHMB is well known for 

its antimicrobial activity and its bacteriostatic and bactericidal concentrations are 

  po t d to b  < 10 and ≥ 10 µg mL
-1

 respectively (Broxton et al., 1983; Gilbert et al., 

1990). In order to improve the antimicrobial activity and broaden its spectrum of 

action, silver nanoparticles were conjugated with the antimicrobial agent, PHMB. 

PHMB, if used alone showed bactericidal activity at or beyond 10 µg mL
-1

. The 

bacteriostatic and bactericidal activities of PHMB-functionalized silver nanoparticles 

were, however, improved to be 0.075 and 0.150 µg mL
-1

 respectively. Figure 3.10 
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shows the growth curves of E. coli in the absence and presence of varying 

concentrations (0.075 – 0.15 µg mL
-1

) of PHMB-functionalized silver nanoparticles. 

It is evident from these growth curves that E. coli was unable to grow for about 

10 hours even in the presence of lowest concentration (0.075 µg mL
-1

) of PHMB-

functionalized silver nanoparticles used. Even after 10 hours, the growth rate was very 

slow and the total bacterial biomass produced after 24 hours was less than one third of 

that produced in control experiment containing no silver nanoparticles. The bacterial 

biomass was estimated by taking optical density of the samples withdrawn at regular 

time intervals during bacterial growth. The growth curves also indicated that E. coli 

was unable to grow in the presence of 0.15 µg mL
-1

 or higher concentrations of 

PHMB-functionalized silver nanoparticles even after 24 hours. At this bactericidal 

concentration of silver nanoparticles, the black aggregates of E. coli were clearly 

visible (Figure 3.11) floating in the growth media showing the aggregation of 

bacteria. The aggregation of bacteria at bactericidal concentrations of many 

antimicrobial agents is already known and is usually attributed to the charge 

n ut alization o  ba t  ial   ll’s su  a   in  as  o  PHMB (Pal et al., 2007). These 

results thus show more than 100 times increase in the bacteriostatic and bactericidal 

activities of these cationic silver nanoparticles compared to already reported silver 

nanoparticles. 
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Figure 3.10.  Effect of different concentrations of PHMB stabilized silver nanoparticles on 

the growth rate of E.coli is given in a graph between time (hours) and bacterial growth rate as 

a function of concentrations of silver nanoparticles added.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Digital camera picture of E. coli culture aggregated due to silver nanoparticles 

hence was unable to grow. 
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 Based on the bacterial growth in the presence and absence of PHMB-

functionalized silver nanoparticles, the specific growth rate (increase in cell mass per 

unit time, µh
-1

) and doubling time td (hours) for E. coli was also calculated (table 3.1). 

It is evident from the values of specific growth rate and doubling time for E. coli that 

maximum specific growth rate (0.92 ± 0.03 h
-1

) and minimum doubling time (0.75 ± 

0.02 hrs) was observed in the absence of functionalized Ag NPs. But the specific 

growth rate was decreased and doubling time increased by increasing the 

concentrations of PHMB-functionalized silver nanoparticles.  

Table 3.1 Effect of concentrations of silver nanoparticles on specific growth rate 

(μ) and doubling tim  (td) of E. coli   

Concentrations  of 

silver nano-particles 

in E.coli culture 

(µg/mL) 

µ (h
-1

) td (h) 

0 0.92 ± 0.03 0.75 ± 0.02 

0.075 0.25 ± 0.01 2.8 ± 0.01 

0.090 0.20 ± 0.01 3.4 ± 0.01 

0.100 0.197 ± 0.01 3.52 ± 0.01 

0.12 0.18 ± 0.01 4.31 ± 0.01 

0.135 0.15 ± 0.01 4.6 ± 0.01 

0.150 0.11 ± 0.01 6.3 ± 0.02 

 

(In table 3.1 ± stands for standard deviation among mean of 3 experiments). 
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3.5 Conclusion and Future Perspectives 

 A cationic biocide polyhexamethylene biguanide was used for the size and 

shape controlled synthesis of silver and gold nanoparticles. Silver nanoparticles thus 

formed were tested for their antibacterial potential against E.coli and it was proved 

that due to biocide coating their bacterial inhibition properties were significantly 

enhanced as compared to the silver nanoparticles formed out of other stabilizing 

ligands. And these particles may further be used on commercial scale against bacterial 

inhibition on pilot scale or in textile industry. 
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Peptide Mediated Synthesis of Gold and Silver Nanoparticles  

4.1 Introduction and Review of Literature 

 Specific functional groups present in biological building blocks such as those 

in peptides and proteins, etc. confer them the specificity to nucleate and help in the 

growth of nanoparticles/ nanostructures or facilitate the organization of pre-

synthesized nanomaterials along with them depending upon their amino acid 

sequence. This specific functionality helps for the precise and localized deposition of 

metals based upon the design of supramolecular architectures of these assembled 

materials. 

 In the past, phage display selection technologies (e.g. based on genetically 

engineered M13 bacteriophages, rolling circle amplification based phages, etc.) were 

used for investigating the ability of some peptides (peptide sequences from histidine 

and glutathione rich proteins, MS14 polypeptide sequence and many other peptides 

possessing multifunctionalities and biomolecular recognition domains specific for 

binding and stabilizing metal nanoparticles) to reduce metal salt (metals, metal oxides 

and semiconductors) into metal nanoparticles and nanostructures such as nano-plates 

and nano-prisms, etc. In this technique basically a peptide library is expressed on 

filamentous bacteriophages specifically at N-terminals of pIII coat proteins and in 

panning process the library is exposed to the material of interest (target material) and 

tightly bound peptide sequences are subsequently eluted and amplified for the 

production of new library. Finally the optimum peptide sequences are identified by 

sequencing phage DNA. In the synthesis of metal nanoparticles these phage display 

selected peptides not only serve as template for synthesis but also serve as catalyst in 

the reaction. The optimum peptide sequences responsible for the formation of size and 

shape-controlled metal nanoparticles/ nanostructures have also been identified based 

upon widely variable structures and compositions available in phage display libraries 

(Bassindale et al., 2007; Bhargava et al., 2005; Brown, 1997; Carter et al., 2010; Naik 

et al., 2004; Naik et al., 2002; Selvakannan et al., 2004; Shao et al., 2004; Si et al., 

2006; Si and Mandal, 2007; Slocik et al., 2002; Slocik and Naik, 2006; Slocik et al., 

2005; Slocik and Wright, 2003; Tan et al., 2010; Tomczak et al., 2007; Wang et al., 

2007; Xie et al., 2007). 
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 Various short amphiphilic peptides self-assemble to form supramolecular 

structures to construct interesting nanostructured templates. Initially bolaamphiphile 

peptides which consist of hydrophobic middle region covalently attached with 

hydrophilic terminals were used for self-assembling into various structures such as 

tubular and helical ribbon-like, etc. only by changing experimental conditions (Kogiso 

et al., 1998; Matsui and Gologan, 2000; Shimizu et al., 1996; Shimizu et al., 1997).   

 The glycine-based bolaamphiphiles have been self-assembled into nanotubes 

and used as template for the fabrication of gold nanostructures by adsorbing histidine 

rich peptides on the surface of nanotubes. For example, Djalali et al. have reported the 

formation of a thick coat of gold nanoparticles on such bolaamphiphile nanotubes 

simply by incubating them in a solution of gold salt followed by reduction using 

sodium borohydride (Djalali et al., 2002). They have also found that only by changing 

the pH of the reaction medium particle loading density was controllable on the 

template (Djalali et al., 2003). By changing the sequence of the peptides adsorbed on 

bolaamphiphiles, the shape of the gold nanoparticles was also controlled (Yu et al., 

2003). Latter on by separating these tubes by size exclusion column it was possible to 

obtain peptide nanotubes of ca. 10 nm (Gao et al., 2005), which served as templates 

for the fabrication of one particle wide linear arrays of gold nanoparticles. And further 

by improving reaction methodology spherical gold nanoparticles as well as coaxial 

multi-walled silver tubes have also been constructed (Djalali et al., 2004; Huang et 

al., 2005).  

 In addition to bolaamphiphile peptides, other amphiphilic peptides upon self-

assembling into various supramolecular architectures can also be exploited as 

template for the formation of metal nanostructures. For example hydrophilic gold 

mineralizing peptides have been conjugated with hydrophobic aliphatic carbon chain 

to form 1-D twisted helical ribbon assemblies in specific buffer solution of (N-(2-

hydroxyethyl) piperazine –N’-ethanesulphonic acid. Such peptide assemblies were 

also capable of reducing ionic gold to produce gold nanoparticles along the peptide 

assemblies in a double helical arrangement (Chen et al., 2008). By controlling the 

reaction parameters i.e. reaction time and various chemical additives, helix pitch, 

particle size and their loading density was also controlled (Chen and Rosi, 2010). 

Such systems have been tailored to form gold nanoparticles composite wires and 

spheres simply by modification of peptide amphiphiles e.g. by only adding specific 
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amino acid residues or by changing the hydrophobic component of these peptides 

(Hwang et al., 2011; Song et al., 2010). 

 Peptides have also been utilized for the assembly of preformed metal 

nanoparticles based upon their sequence of specific interacting functional groups. For 

example, Lamm et al. have used β-sheet fibrils of peptides for the fabrication of 

ordered linear arrays of nanoparticles. The peptides were composed of alternating 

sequences of hydrophobic (valine) and hydrophilic and positively charged (lysine) 

residues. Upon dispersion, these peptides β sheets were formed which stacked on top 

of each other in an ordered manner resulting in the formation of laminated fibrils. 

Negatively charged gold nanoparticles were selectively adsorbed on the surface of 

such positively charged lysine residues resulting in the formation of parallel linear 

arrays of particles with regular periodicity along the whole length of peptide fibrils. 

However when 12 nm gold nanoparticles were tried to attach in the similar fashion by 

using same method they attached with the fibrils in random fashion because their size 

was not commensurating with the periodicity of β sheet fibrils (Lamm et al., 2008). 

 Not only pure peptides but also peptide-small molecule hybrid constructs have 

also been used for the synthesis and assembly of gold nanostructures. For example, a 

12-mer peptide has been covalently conjugated to a 12-carbon alkyl chain to produce 

hydrophobic tails. These hydrophobic alkyl tails were sequestered inside double helix 

of peptides resulting in the formation of parallel β sheets of peptides. By changing the 

synthesis conditions and assembly parameters, it was also possible to form double 

helices, continuous 1-D arrays and hollow spheres of peptides which can then easily 

be coated with gold nanoparticles while controlling their size and interparticle 

distance (Chen et al., 2010; Chen et al., 2008; Song et al., 2010). 

 Beside using amphiphilic and synthetic peptides which were chemically 

modified, natural peptide based supramolecular structures have also shown significant 

potential for the synthesis of metallic nanostructures (Reches and Gazit, 2003). 

Numerous functional nanostructures possessing significant potential applications in 

biological and non-biological fields could be formulated based upon the self-

assembling nature of diphenylalanine peptides and their interaction with functional 

inorganic components. Regarding biological applications, they have been used as 

extracellular matrix for 3D culture of cells (Jayawarna et al., 2006), as a vehicle for in 

vitro release of drugs or genes (Yan et al., 2007), as bioimaging agents after 

association with quantum dots (Yan et al., 2008) and as biosensors to increase the 
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sensitivity of graphite and gold electrodes towards enzymes such as glucose oxidase 

and ethanol dehydrogenase (Yemini et al., 2005a; Yemini et al., 2005b). Their non-

biological applications include the formation of metal nanowires, metal oxide 

nanoribbons and functional polymer nanotubes. Fmoc-phenylalanine nanotubes 

served as effective templates for metallization (Reches et al., 2003). Hollow 

nanotubes having an average diameter of ca. 100 nm were formed in high yield 

simply by dissolving a dipeptide of phenylalanine in a mixture of 1,1,1,3,3,3,-

hexafluoro-2-propanol and water. It was also possible to form silver nanowires inside 

the hollow cavities of these nanotubes by adding these hollow structures in a boiling 

solution of silver salt and sodium citrate. Ultimately free silver nanowires of ca. 20 

nm diameter and several microns in length were obtained by simply digesting the 

peptide template by proteinase enzyme. It was also possible to synthesize coaxial 

nanowires by utilizing these basic peptide templates (Carny et al., 2006). Similarly Pt 

nanoparticles of 2 - 3 nm were attached with the walls of phenylalanine dipeptide 

nanotubes to construct peptide-nanotube composites (Song et al., 2004). Functional 

polymer nanostructures could be formulated by making diphenylalanine/ polyaniline 

core-shell conducting nanowires and on selective removal of diphenylalanine 

templates (Ryu and Park, 2009). TiO2 ribbons were formulated by removal of 

diphenylalanine xerogel templates (Han et al., 2009). Moreover, diphenylalanine 

based nanotubes and nanospheres patterns could be formed on indium-tin oxide 

coated plastic and transparency foil surfaces by using the ink of self-assembled 

diphenylalanine nanostructures (Adler Abramovich and Gazit, 2008). By using seed 

growth method, the surface of diphenylalanine nanotubes was coated with a layer of 

gold. By means of self-assembled peptides, silver nanowires were produced with 

recursive arrangement along the peptide layer and were separated by gold shell. 

Spherical gold nanoparticles possessing a significant chiral plasmonic optical 

response were successfully generated on the surface of same diphenylalanine 

nanotubes (George and Thomas, 2010).  

 Keeping in view the growing interest in phenylalanine based structures, we set 

out to explore the potential of fmoc-phenylalanine to self assemble into nano/ 

microfibers and subsequent synthesis and self-assembly of metal nanoparticles 

without using any additional reducing agent. The fmoc-phenylalanine was 

successfully self-assembled into microfibers and gold and silver nanoparticles of 

fairly controlled size were produced simply by a change in pH. This strategy thus 
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offers a simple and green approach to produce biocompatible peptide-gold 

nanoparticle hybrid nanostructures without using any toxic chemicals which may have 

potential biological applications.  

4.2 Objectives 

The study performed here basically has following major objectives 

1. Formation of hydro-fibers using N-(9-Fluorenylmethoxycarbonyl)-L-

phenylalanine (fmocf) as a precursor and their freeze drying to store as a 

dry powder. 

2. Use of fmocf hydro-fibers for in situ synthesis of gold and silver 

nanoparticles. 

3. Characterization of the nanoparticles by UV-visible absorption 

spectrometer, TEM and FTIR analysis and measurement of their size 

distribution by image J program. 

4.3 Materials and Methods 

4.3.1 Materials 

 All chemicals used in this work i.e. N-(9-Fluorenylmethoxycarbonyl)-L-

phenylalanine (fmocf), chlorauric acid (HAuCl4), silver nitrate, sodium hydroxide and 

hydrochloric acid were purchased from Sigma-Aldrich and were used as such without 

further purification. Ultra pure water with specific resistance of 18 MΩ.cm from 

Millipore was used throughout the experiments.  

4.3.2 Characterization of Nanomaterials 

 pH meter by Sartorius with ATC combination electrode was used for 

maintaining the pH during the formation of fmocf hydro-fibers and the synthesis of 

metal nanoparticles. Agilent 8453 UV-visible spectroscopy system was used for 

recording the surface Plasmon resonance absorption bands of metal nanoparticles. 

The surface chemistry of the gold and silver nanoparticles was determined using FTIR 

spectrometer (Bruker Alpha-P FTIR coupled with ATR). TEM analyses were 

performed using a JEM 3010 high resolution electron microscope (JEOL Ltd., Tokyo, 

Japan) operating at 300 kV. For image acquisition a 2 k x 2 k slow scan CCD camera 

(Mega Scan 794, Gatan Inc., Pleasanton, CA, USA) was used along with the digital 
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micrograph software. All samples were prepared by slow evaporation of a drop of 

clean nanoparticles on 300 mesh copper grids covered with a thin carbon supporting 

film. image J program was used to calculate the particle size distribution from TEM 

micrographs.  

4.3.3 Methodology 

4.3.3.1 Formation of fmocf fibers 

  0.01 g of fmocf was dispersed in 1 mL of double distilled deionized water. 

The dissolution of fmocf was achieved by adding 0.25 mL of NaOH (0.1 M) in above 

dispersion followed by gentle shaking/ swirling and warming. For this purpose, fmocf 

suspension containing NaOH was placed in water bath at 50 
o
C for a while until 

maximum fmocf got dissolved. The fmocf solution was then filtered through a cotton 

wool plug and the filtrate containing fmocf hydrofibers was frozen at -80 °C. The 

formation of fmocf hydrofibers was confirmed by TEM analysis. The frozen 

hydrofibers were then freeze-dried and stored as dry powder for further use to 

produce gold and silver nanoparticles. 

 4.3.3.2 Synthesis of gold nanoparticles using fmocf 

 Freeze-dried fmocf fibers (2 mg) were dissolved in 3 mL water and the 

solution was divided into different aliquots each containing 100 µL of fmocf solution. 

The pH of these aliquots was maintained at different values from acidic to basic 

range; 50, 100 and 200 µL of 1 mM HAuCl4 solution was then added into different 

aliquots of fmocf solutions set at same pH value. Final pH of each aliquot was noticed 

after some time when equilibrium was established and kept at 50 
o
C in water bath for 

24 hours. In some aliquots there was visible colour change of solution from 

transparent to pink showing the formation of gold nanoparticles which was further 

confirmed by UV-visible spectral analyses (showing characteristic surface Plasmon 

resonance bands of gold nanoparticles) and transmission electron (TEM) 

micrographic analyses. Size distribution of the formed gold nanoparticles was 

measured using image J program. FTIR analysis of the gold nanoparticles thus formed 

was performed and compared with that of control fmocf hydro-fibers to get an idea 

about the interaction of different functional groups in fmocf with gold nanoparticles. 
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4.3.3.3 Synthesis of silver nanoparticles using fmocf 

 Synthesis of silver nanoparticles was performed under the same conditions as 

mentioned for the synthesis of gold nanoparticles. The only difference being that of 

using 1 mM AgNO3 solution, instead of HAuCl4, for the synthesis of silver 

nanoparticles. Here yellowish/ brownish colour of the sol of silver nanoparticles 

formed was observed. Subsequent characterization of silver nanoparticles formed was 

performed in the same manner as mentioned above for gold nanoparticles using UV-

visible, IR spectroscopy and transmission electron microscopy. 
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4.4 Results and Discussion 

 Peptides particularly fmocf, self-assemble into various structures ranging from 

vesicle like structures to peptide nanotubes upon stimulation with several reaction 

parameters specifically pH (Yan et al., 2010). We have exploited the pH stimuli to 

organize fmocf into microfibers under alkaline conditions. These microfibers can be 

freeze-dried, stored as dry powder, and dispersed in water whenever required. 

Interestingly, the carboxylic protons of peptides are replaced by sodium ions under 

alkaline conditions resulting in an improvement in the reduction potential of ionized 

carboxylic functional groups towards noble metal ions. Incubation of these 

hydrofibers with an aqueous solution of HAuCl4 resulted in the reduction of Au
+3

 ions 

to neutral Au atoms which nucleate and grow at room temperature to form gold 

nanoparticles of fairly uniform size. The transmission electron microscopic analysis 

of fairly clear suspension of fmocf hydrofibers indicated the formation of millimeter 

long microfibers (Figure 4.1).  

 

Figure 4.1.  Transmission electron micrographs of control fmocf hydro-fibers formed under 

alkaline conditions at different magnifications. Scale bar corresponds to 5 µm (a) and 1 µm 

(b). 

 The appearance of light and dark pink colour at pH 9.35 and 11.35 

respectively indicated the synthesis of gold nanoparticles which was evident by their 

characteristic surface Plasmon resonance (SPR) band at 525 nm (Figure 4.2). The 
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SPR band of gold nanoparticles formed at pH 9.35 is much narrower compared to that 

of the particles formed at pH 11.35 indicating the formation of more uniform gold 

nanoparticles at pH 9.35. The particles formed at pH 11.35 were less uniform but 

higher in concentration compared to the particles formed at pH 9.35 which is evident 

from their fairly broad but intense SPR band.  

Figure 4.2. UV-visible absorption spectra of gold nanoparticles formed using fmocf hydro-

fibers at pH 9.35 and 11.35, showing characteristic SPR band of gold nanoparticles at 525nm. 

 TEM analyses further confirmed the formation of more uniform gold 

nanoparticles at pH 9.35 as compared to those formed at pH 11.35. TEM analysis 

(Figure 4.3) of the gold nanoparticles formed at pH 9.35 showed that particles were 

formed on the surface of fmocf hydro-fibers as well as in the reaction solution. They 

were fairly spherical in shape and their size distribution measurements (by using 

image J program counting at least 300 particles) revealed their fairly uniform size 

distribution. 18% of the particles were of 1 - 4 nm, 69% were of 5 - 9 nm and 13% 

particles ranged from 10 - 14nm in size. Whereas gold nanoparticles formed at pH 

11.35 were not that uniform as revealed by TEM analysis (Figure 4.4). Some 

aggregates of gold nanoparticles were also observed at higher pH (11.35) which 
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agrees with the broad SPR band of these nanoparticles. No stable gold nanoparticles 

were formed at pH values lower than 9.35 or higher than 11.35.  

 

Figure 4.3. Transmission electron micrographs of gold nanoparticles formed by in situ 

reduction of gold salt on the surface (a and b) and in solution (c) of fmocf hydro-fibers at pH 

9.35. The histogram (d) shows the size distribution of gold nanoparticles. Scale bar 

corresponds to 200 nm in (a) and (c) and 100 nm in (b).  
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Figure 4.4. Transmission electron micrographs of gold nanoparticles formed by the reduction 

of metal salt using fmocf hydro-fibers at pH 11.35. Scale bar corresponds to 200 nm in (a) 

and 100 nm in (b).  

 After successful synthesis of gold nanoparticles using fmocf, we set out to 

explore its potential for the synthesis of silver nanoparticles without using additional 

reducing agent. The formation of silver nanoparticles was indicated by the appearance 

of characteristic yellowish/ yellow-brown colour when silver salt was added to an 

alkaline suspension of freeze-dried fibers. The tinge and intensity of the colour at 

different pH values indicated the significant influence of pH on the formation of silver 

nanoparticles. For example, the SPR band of silver nanoparticles prepared at pH 6.6 

was quite broad with two clear absorption peaks centered at 400 and 500 nm (Figure 

4.5). Such absorption spectra are either due to the formation of linear chain-like 

nanostructures or indicate the formation of polydisperse silver nanoparticles with 

multiple range of sizes. The SPR band of silver nanoparticles formed at pH 9.35 was 

intense and fairly broad centered at 445 nm (Figure 4.5), again indicating the 

formation of polydisperse silver nanoparticles. The SPR band of silver nanoparticles 

formed at pH 11 and 11.5 was relatively narrower, compared to those formed at other 

pH values, centered at 430 and 440 nm (Figure 4.5) respectively and thus indicated 

the formation of fairly uniform silver nanoparticles.  
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Figure 4.5. UV-visible absorption spectra of silver nanoparticles formed at different pH using 

fmocf hydro-fibers. 

 TEM analyses further confirmed the formation of silver nanoparticles and 

justified the observed SPR band of the particles. Transmission electron micrographs 

of silver nanoparticles formed at pH 6.6 (Figure 4.6) shows the presence of silver 

nanoparticles in the size range of 10 
_ 

30 nm and their aggregates in the size range of 

200 
_ 

500 nm. These results are in line with the UV-visible spectrum of silver 

nanoparticles prepared at this pH. The two surface Plasmon resonance bands thus 

indicate the presence of silver nanostructures of two different size ranges, the red 

shifted SPR absorption band thus refers to the formation of aggregates of silver 

nanoparticles. These aggregates of silver nanoparticles may either be due to the 

instability of the initially formed particles or be due to the secondary structure of 

peptides owing probably due to the lesser solubility of fmocf at this pH (6.6).  
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Figure 4.6. Transmission electron micrographs of silver nanoparticles/ aggregates formed by 

the reduction of metal salt using fmocf hydro-fibers at pH 6.6. Scale bar corresponds to 500 

nm in (a) and (b).  

 Transmission electron micrographs of silver nanoparticles formed at pH 9.35 

(Figure 4.7) revealed their polydisperse nature. From the size distribution 

measurements (using image J program), the particles formed at this pH range in size 

from 1 to 30 nm as shown in the histogram (Figure 4.7 b). We speculate that the 

polydisperse nature of silver nanoparticles at this pH may again be due to the limited 

solubility of the peptide.  

 

Figure 4.7. Transmission electron micrograph of silver nanoparticles formed by the reduction 

of silver salt using fmocf aqueous suspension at pH 9.35. Scale bar corresponds to 200 nm in 

(a). Histogram showing the size distribution of silver nanoparticles formed at pH 9.35 (b).   
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 Transmission electron micrographs of sliver nanoparticles formed at pH 11 

revealed relatively uniform sized particles probably due to better solubility of peptide 

at alkaline pH. The size of particles though still varied from 10 
_ 

30 nm. 

 

Figure 4.8. Transmission electron micrographs of silver nanoparticles formed by the 

reduction of silver salt using fmocf aqueous suspension at pH 11. Scale bar corresponds to 

200 nm and 20 nm in (a) and (b) respectively. 

 FTIR spectroscopy is a valuable tool to monitor the secondary structural 

nature of proteins and peptides in various environments (Liu and Guo, 2011). The 

positions of the amide I (C=O stretch, 1600 – 1700 cm
−1

) and the amide II (C–N 

stretch and N–H deformation, 1530 – 1560 cm
−1

) band frequencies can be easily 

correlated to the structure of proteins and peptides. The specific stretching and 

bending vibrations of the peptide backbone in amide I, II, and III bands provide 

information about different types of secondary structures such as α-helix, β-sheets, 

turns, and unordered structures. Of all the amide bands of the peptide group, amide I 

has proven to be the most sensitive probe of protein and peptide secondary structure. 

FTIR spectra (Figure 4.9) of control peptide hydrofibers and those bound to gold/ 

silver nanoparticles surface show obvious changes in both shape and peak positions, 

which suggests the changes in the secondary structure of peptide after nanoparticles 

formation. From the FTIR spectra, it is evident that amide functionality of fmocf is 

responsible for the stabilization/ interaction with metal ions for the formation of metal 

nanoparticles as the peaks in the amide region of control fmocf disappeared and 
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shifted from 1669 cm
-1

 towards higher frequency region after the formation and 

interaction with nanoparticles. Moreover, the N
_
H stretching peak of control fmocf at 

3342.5 cm
-1

 lost its intensity after interaction with metal nanoparticles providing the 

clue that lone pair of electrons present on N
_
H may be involved to stabilize the gold/ 

silver nanoparticles.  

 

Figure 4.9. FTIR spectra of fmocf fibers and gold and silver nanoparticles formed by fmocf. 

The blue coloured peaks represent the spectra of fmocf hydrofibers (control), olive peaks 

represent the FTIR spectra of peptide- gold nanoparticles, whereas the red coloured peaks 

represent FTIR spectra of peptide-silver nanoparticles. 

 Extremely high and low pH values were not suitable for the study of the 

synthesis of nanoparticles as at high pH values, particularly above 12, the aqueous 

solution of fmocf turned milky or turbid indicating the extensive uncontrolled 

aggregation of peptides. At low pH values, i.e., below 8, again milkiness started to 

appear in the solution and at pH values below 6 irreversible precipitation of the 

peptide fibers was observed. Similarly temperature plays an important role in the 

peptide mediated synthesis of metal nanoparticles. At room temperature, the synthesis 

of the nanoparticles was slow and the particles formed were very polydisperse. Higher 

temperature resulted in the rapid formation of relatively monodisperse nanoparticles 

but N-protected fmocf group undergoes irreversible damage at high temperatures. 
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That is why 50 
o
C was selected as working temperature for the synthesis of metal 

nanoparticles using fmocf hydro-fibers which was high enough temperature for the 

synthesis of metal nanoparticles but low enough for the cleavage of fmocf group.  

4.5 Conclusion and Future Perspectives 

 Fmocf peptides were self-assembled into hydro-fibers which can be freeze-

dried and stored as dry powder. These peptide hydrofibers were used to prepare 

aqueous hydrosols of metal nanoparticles under alkaline conditions without using 

additional reducing/ stabilizing agents. The gold and silver nanoparticles formed 

using fmocf are though not very uniform, and need further improvement, but we 

believe that this method can further be improved to produce more uniform and 

biocompatible metal nanoparticles. We are now continuing our efforts to self-

assemble these peptides into various structures, such as controlled nano/ microfibers, 

vesicles and tubules, etc. and their use as template to control the self-assembly of 

metal nanoparticles in one, two and three dimensions for a host of applications. 
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Egg Shell Membrane as Template for the Synthesis of Porous Gold 

Membranes 

5.1 Introduction and Review of Literature 

 A wide variety of separation techniques are based on membranes such as size 

selective molecular sieving and separation of metal ions (Drioli and Romano, 2001; 

Wiesner and Chellam, 1999). That is why they are crucial in modern industry owing 

to their higher selectivity and performance which they confer to new materials and 

technologies. Due to their high surface area, potential and possibility of incorporation 

into macrostructures, metal nanoparticles offer promising potential to increase the 

performance of membranes (Dumee et al., 2010). After incorporation of metal 

nanoparticles into membranous structures, their surface can be treated to tune the pore 

structure and thus the adsorption properties of such membranes. For example the 

fabrication of copper/ carbon nanotubes composites and colloidal gold/ carbon 

nanotubes composites have been used for sensing applications (Kim et al., 2010; 

Manso et al., 2007; Yuan and Liu, 2006). Pure gold nanotubes have been processed 

out of composite materials and selectivity of their pores was enhanced upon surface 

treatment to introduce thiol functionality at their tips (Velleman et al., 2009). Porous 

gold and the membranes formed of porous gold possess great potential applications in 

actuation, biotechnology, catalysis, photonics, electrochemical capacitors and sensing 

based on their special characteristics such as open porosity which can be extended  in 

two and three dimensions, high surface to volume ratio, excellent thermal and electric 

conductivities, reflectance and low temperature heat exchangers (Cortie et al., 2005; 

Ding et al., 2005; Ertenberg et al., 2000; Qian et al., 2007; Qian et al., 2008; Velev et 

al., 1999; Zielasek et al., 2006). Moreover, porous gold is biocompatible and highly 

active substrate for surface enhanced Raman scattering (SERS) (Qian et al., 2007). 

Many practical applications of porous gold are based on the fact that it remains active 

at low temperatures (Xu et al., 2007; Zielasek et al., 2006). Porous gold did not suffer 

from aggregation or sintering, unlike gold nanoparticles, in an oxidative environment 

or at high temperature due to its resistance towards oxidation and its good thermal 

stability (Choudhary and Goodman, 2005; Ji and Searson, 2003b; Zielasek et al., 

2006). 
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 Based upon their pore sizes, porous membranes can be classified as 

microporous (pore size ≤ 2 nm), mesoporous (pore size 2 - 20 nm) and macroporous 

(pore size ≥ 50 nm) (Soboleva et al., 2010). Porous gold membranes have been 

usually fabricated on a sacrificial template to yield dispersed porous gold nanowires 

(Ji et al., 2003a; Ji and Searson, 2002; Ji et al., 2003b; Liu and Searson, 2006; 

Sanchez Castillo et al., 2004; Yoo and Park, 2007). But most of these gold 

membranes were not portable and need chemical treatment to remove the sacrificial 

template such as a polymer or another metal. So there is an increasing need to use 

some biological membrane on which gold nanoparticles/ nanostructures could be 

formed easily in an environmentally benign fashion without involving chemical 

reduction steps thus fulfilling the basic principles of green chemistry. The biological 

templates possess several functional groups which can be utilized to produce and self-

assemble metal nanoparticles and the template can then easily be removed by heat 

treatment to produce porous metal structures such as membranes. The membranes 

thus formed may have a potential of easy portability and may be exploited easily for 

their potential applications such as for surface enhanced Raman spectroscopy. In the 

past a vast variety of biological molecules and materials have been exploited as 

templates for the formation of nano and micrometer sized inorganic structures. These 

biological molecules/ structures included bacteria, cells, cellulose, DNA, enzymes, 

plant leaves, silk and wool which formed mesoscopic and macroscopic structures on 

which nanoscopic building blocks have been placed to form extended architectures 

(Berry and Saraf, 2005; He and Kunitake, 2004; He et al., 2003; Kharlampieva et al., 

2008; Nune et al., 2009; Wei et al., 2005; Willner et al., 2006). Recently 

rhamnolipids have also been used as templates for the synthesis and self-assembly of 

gold nanoparticles and upon heat-induced removal of organic templates porous gold 

micro patterns were formed (Rehman et al., 2010).  

 Egg shell membrane is a porous material with extensively cross linked protein 

fibers at the inner surface of the egg shell membrane, having diameter of 0.5 - 1.5 µm 

with pores in between cross linked fibers having a size of ca. 5 µm. Recently it has 

been used for the synthesis of gold nanoparticles and their biosensing application 

(Wong et al., 1984; Zheng et al., 2010). Moreover, Shao et al. have used egg shell 

membrane for the synthesis of fluorescent metal nanoclusters and have proposed 

potential applications of such materials in the field of catalysis, sensing, SERS, 

fluorescent surface patterning and anti-counterfeiting (Shao et al., 2011). In the 
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present study, the egg shell membranes were used as template for the fabrication of 

porous gold membranes due to their cost effectiveness, non-toxicity and easier 

availability. Egg shells are readily available material from kitchen waste and industry 

and egg shell membranes form inner most portion of egg shells (Carrino et al., 1996). 

Egg shell membrane is a proteinaceous membrane consisting mostly of proteins 

(collagen types I, V and X, osteopontin and sialoprotein) and only a little amount of 

saccharides (Nys et al., 2001). The amino acids, particularly glycine and alanine, are 

reported to be responsible for the adsorption of gold ions onto egg shell membrane 

and the aldehyde moiety present in uronic acid and saccharides is found to be 

responsible for the conversion/ reduction of Au (III) ions into Au nanoparticles 

(Zheng et al., 2010). Being cheap, easily available and environmentally benign, egg 

shell membranes have also found a lot of applications such as matrices for adsorption 

of dyes and heavy metal ions (Annadurai et al., 2008; Arami et al., 2006; Koumanova 

et al., 2002), substrates for enzyme immobilization and cell culture (Choi et al., 2001; 

Tavassoli, 1983; Wu et al., 2004; Zhang et al., 2007), biological dressings for burns 

(Maeda and Sasaki, 1982), as templates for fabrication of ordered tubular networks 

(Yang et al., 2002) and synthesis of nanoclusters such as PbS (Su et al., 2008). In the 

present study, the effect of pH on the fabrication of gold micro and nanostructures and 

nanoparticles on the surface of natural and heat-denatured egg shell membranes is 

studied. It was found that until pH 9 the formation of gold nanostructures/ 

nanoparticles on egg shell membranes was observed without using additional 

chemicals. Beyond pH 9, the formation of nanoparticles and nanostructures was 

hampered until pH 11 where no nanoparticles were formed. It was noticed that at pH 

ca. 3, pure gold nanostructures were formed on the surface of natural and heat-

denatured egg shell membranes. At intermediate pH values i.e. from pH 4 to 7, a 

mixture of gold nanostructures and nanoparticles was formed along with precipitates 

of gold on the surface of egg shell membranes. At pH 8 and 9 very interesting results 

were obtained where whole surfaces of egg shell membranes were uniformly 

decorated with pure gold nanoparticles and heat removal of these egg shell 

membranes highly decorated with gold nanoparticles yielded pure porous gold 

membranes on the same pattern as that of fibers of egg shell membrane. In the case of 

heat denatured egg shell membranes, formation of gold nanoparticles at pH 8 and 9 

was not as uniform as in the case of as such egg shell membranes. The results are 

supported by their FESEM, EDX and ICP analyses. Concentrations of gold deposited 
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on the membranes were calculated by EDX and ICP analyses and a comparison of 

concentrations of adsorbed gold was also made. The gold nanostructures/ 

nanoparticles deposited on the surface of egg shell membranes may further be 

exploited as an active substrate for SERS. 

5.2 Objectives 

The study performed here basically has following major objectives 

1- Use of egg shell membranes as template for the synthesis and self-assembly of 

gold nanoparticles. 

2- Optimization of conditions for obtaining highly loaded egg shell membrane 

fibers with gold nanoparticles. 

3- Removal of organic template (egg shell membranes) on heat treatment to get 

pure porous gold membranes. 

5.3 Materials and Methods 

5.3.1 Materials 

 Fresh eggs were purchased from local market. For using as such egg shell 

membranes; eggs were broken and their yolk and albumin was removed thoroughly 

and washed extensively with double distilled deionized water to remove any of 

residual material remaining attached with egg shell membranes. The membranes were 

then removed very carefully. For using boiled/ heat denatured egg shell membranes, 

the eggs were boiled fully for 10 minutes. After boiling, the membranes were 

removed carefully and extensively washed with double distilled deionized water 

before use. Both types of egg shell membranes i.e. as such and heat denatured were 

dried in air and equal weight (0.001 g) of both of them was used throughout the 

experiments. Chlorauric acid, hydrochloric acid and sodium hydroxide were 

purchased from Sigma-Aldrich. Ultra pure water with specific resistance of 18 

MΩ.cm from Millipore was used throughout the experiments.  

5.3.2 Characterization of Nanomaterials 

 pH meter by Sartorius with ATC combination electrode was used for 

maintaining the pH of HAuCl4 solution. Concentration of gold nanoparticles deposited 

on the membranes and impregnated inside the membranes was calculated by ICP 
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instrument by Agilent (Agilent 7500ce). FESEM analysis was performed using JSM-

7500F field emission scanning electron microscope provided by JEOL. Energy 

dispersive X-ray spectroscopic (EDX) analysis was carried out using a SEM 

CamScan IV. Furnace used for heat destroying the membranes loaded with gold 

nanoparticles was Cavsolite MTF 121381400. Oven used for placing the samples at 

50 - 55 
o
C was Universal oven UNB 200 by Memmert. Cyber-shot DSC-H10/B 

digital camera by SONY was used for capturing digital camera pictures. 

5.3.3 Methodology 

 In order to achieve a high loading of gold, the egg shell membranes, were 

soaked into the solution having an excess of gold ions. In order to observe the effect 

of heat-treatment on egg shell membranes, the membranes were removed from un-

boiled and boiled eggs (10 minutes boiling) for their subsequent use to produce and 

self-assemble gold nanoparticles. Both membranes were washed with copious amount 

of double distilled deionized water and dried in air before use. pH of 1 mM 

HAuCl4.3H2O solution was maintained with the help of HCl and NaOH  solutions one 

night before dipping the membranes into the gold solutions. The pH of 1 mM 

HAuCl4.3H2O solution was maintained from 3 to 11. Equal amount of both as such 

egg shell membrane as well as boiled one in the form of pieces (each piece weighed  

0.001 g in dry state) was used. The weighed pieces of egg shell membranes were 

added into 1 mM HAuCl4.3H2O solutions (15 mL) maintained at various pH values 

and kept the reaction contents inside an oven maintained at 50 
_ 

55 
o
C for almost 24 

hours. After 24 hours the colour of membranes was observed to change from golden 

to violet to transparent by increasing the pH from 3 to 11. After the addition of pieces 

of membranes into gold solutions maintained at different pH values, the colour of 

gold solutions changed from yellow to colourless/ transparent as we moved from low 

towards high pH values due to the reduction of gold from +3 ( which is yellow) to +1 

state (which is transparent). On the basis of FESEM analyses results, some of the 

membranes which showed high loading of gold nanostructures/ nanoparticles were 

selected and their EDX analyses were performed to calculate the weight % of gold 

attached on the surface of membranes. ICP analysis of same samples (EDX analysis 

graphs of which samples were taken) was performed to see total weight % of gold 

embedded throughout the membrane pieces. These samples were subsequently heat 

treated in a furnace at 600 and 800 
o
C to know if specific gold patterns can be 
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obtained after removing whole organic matter of membranes. Interestingly, well 

structured porous gold membranes were obtained from some samples after 

calcination. Calcination profile was same in all cases and on both temperatures i.e. 

600 
o
C and 800 

o
C. The furnace was programmed to achieve the maximum 

calcination temperature in 3 hours, maintained the calcinations temperature for 3 

hours and after calcination attained the room temperature in 3 hours. 

5.4 Results and Discussion 

 It is well known fact that the pH of aqueous solution of gold salt plays an 

important role in the nucleation and growth of gold crystals/ particles on the surface 

of a substrate. Kozlovskaya et al. have reported the synthesis of gold nanoparticles of 

different sizes by using different reducing agents at different pH values simply by 

reducing gold salt in an aqueous environment or on the surface of substrate 

(Kozlovskaya et al., 2009). In the current study, the effect of change of pH of the 

solution of gold salt on the size and shape controlled synthesis of gold nanoparticles 

and/ or its micro and nanostructures and their subsequent loading is explored. It was 

observed that simply by varying the pH of the solution of gold salt, synthesis of gold 

nanoparticles on the surface of egg shell membranes in the presence of excess gold 

ions is possible without using any additional reducing agent. Upon heat treatment and 

thus destroying the egg shell membranes, porous gold membranes were formed on the 

same pattern as that of egg shell membranes, which might have potential applications 

in actuation, biotechnology, catalysis, photonics, electrochemical capacitors and 

sensing (Cortie et al., 2005; Ding et al., 2005; Ertenberg et al., 2000; Qian et al., 

2007; Qian et al., 2008; Velev et al., 1999; Zielasek et al., 2006). 

 In the current study, two types of egg shell membranes, i.e. as such egg shell 

membranes and heat denatured egg shell membranes were used, to observe the effect 

of heat on the surface activity of the functional groups present in egg shell 

membranes. For this purpose equal weight (0.001 g) of both types of egg shell 

membranes and equal volume (15 mL of 1 mM HAuCl4 solution) of solution of gold 

salt adjusted at various pH values (from pH 3 to 11 all studied) was used, and 

incubated the proteinaceous membrane’s pieces at 50 
_ 

55 
o
C for 24 hours. pH of the 

solution of gold salt was maintained one night before the experiment so that it may 

attain equilibrium before starting the experiment. Plenty of gold ions were used to 

achieve highest possible loading of gold on the surface of egg shell membranes.  
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 Both types of membranes showed almost similar trend of colour change, that 

at pH 3 they became golden, from pH 4 to 7 golden colour tended to become black, 

and at pH 8 and 9 they got purple. But the intensity of purple colour was low at pH 9 

as compared to pH 8. Upon further increasing the pH to 10 and 11, the purple colour 

started to disappear and almost colourless membranes were obtained at pH 11 

showing the absence of gold nanoparticles formation at higher pH. Digital camera 

pictures of as such and heat treated/ boiled egg shell membranes loaded with gold at 

different pH values are shown in Figures 5.1 and 5.2 respectively.   

 

Figure 5.1. Digital camera pictures of as such egg shell membranes which have attached gold 

micro and nanostructures and nanoparticles at different pH values. (a) pH 3, (b) pH 4, (c) pH 

5, (d) pH 6, (e) pH 7, (f) pH 8, (g) pH 9, (h) pH 10 and (i) pH 11. 

 

Figure 5.2. Digital camera pictures of boiled egg shell membranes which have attached gold 

micro and nanostructures and nanoparticles at different pH values. (a) pH 3, (b) pH 4, (c) pH 

5, (d) pH 6, (e) pH 7, (f) pH 8, (g) pH 9, (h) pH 10 and (i) pH 11. 

 For comparing the morphology of gold coated egg shell membranes i.e. as 

such and heat denatured, the morphology of control egg shell membranes was 

observed by means of FESEM analyses. The morphology of fibrous and non-fibrous 

sides of control egg shell membranes is shown in Figures 5.3 and 5.4 respectively. 

There was no obvious morphological difference between as such egg shell 

membranes and that of heat denatured.  
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Figure 5.3. Scanning electron micrographs of fibrous side of control egg shell membrane 

after platinum coating at different magnifications. Scale bar corresponds to (a) 100 µm, (b) 10 

µm and (c) 1 µm.  

 

Figure 5.4. Scanning electron micrographs of non-fibrous side of control egg shell membrane 

after platinum coating at different magnifications. Scale bar corresponds to (a) and (b) 10 µm 

and (c) 1 µm.  

 At pH 3, gold micro and nanostructures were formed on both sides of egg 

shell membranes which densely covered the surface of membranes as indicated by 

their FESEM images. FESEM images of fibrous side of as such egg shell membranes 

and that of boiled one are shown in Figures 5.5 and 5.6 respectively and those of non-

fibrous sides are shown in Figures 5.7 and 5.8 respectively. EDX spectra showing the 

percentage of adsorbed gold on both types of membranes by this treatment is 

presented in Figures 5.5 and 5.6. It is clear from FESEM images that almost similar 

types of structures were formed on both types of membranes. But there was more 

loading of gold micro and nanostructures on heat denatured egg shell membranes as 

compared to as such egg shell membranes as confirmed by their EDX (which shows 

weight % of gold adsorbed on the surface of egg shell membranes) and ICP analysis 

(which quantifies weight % of total gold absorbed into the egg shell membranes). 

87% by weight gold was present on the surface of heat denatured egg shell 

membranes while 75 weight % gold was present on the surface of as such egg shell 
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membranes as determined by EDX analyses. By ICP the total weight % of absorbed 

gold was 32% on heat treated egg shell membranes while 22% was present in as such 

egg shell membranes. A comparison of the values of weight % of adsorbed gold by all 

treatments on egg shell membranes by means of EDX and ICP is given in table 5.1.  

 

Figure 5.5. Scanning electron micrographs (a, b, and c) of fibrous side of as such egg shell 

membrane highly decorated with gold micro and nanostructures at pH 3 at different 

magnifications without further coating. Scale bar corresponds to (a) 10 µm, (b) 1 µm and (c) 

100 nm. Their EDX spectrum is shown in (d). 

 

 

 

 

 

 

 



Egg Shell Membrane as Template for the Synthesis of Porous Gold Membranes 

 

135 

 

 

Figure 5.6. Scanning electron micrographs (a, b, c and d) of fibrous side of boiled egg shell 

membrane highly decorated with gold micro and nanostructures at pH 3 at different 

magnifications without further coating. Scale bar corresponds to (a) 100 µm, (b) 10 µm, (c) 1 

µm and (d) 100 nm. Their EDX spectrum is shown in (e). 

 

 

Figure 5.7. Scanning electron micrographs (a, b, and c) of non-fibrous side of as such egg 

shell membrane loaded with gold micro and nanostructures at pH 3 at different magnifications 

without further coating. Scale bar corresponds to (a) 10 µm, (b) 1 µm and (c) 100 nm.  
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Figure 5.8. Scanning electron micrographs (a, b, c and d) of non-fibrous side of boiled egg 

shell membrane highly decorated with gold micro and nanostructures at pH 3 at different 

magnifications without further coating. Scale bar corresponds to (a) 100 µm, (b) 10 µm, (c) 1 

µm and (d) 100 nm. 

 At higher pH values i.e. pH 4 
_ 

7, the clusters/ precipitates of gold mixed with 

gold micro and nanostructures were formed on both types of egg shell membranes, i.e. 

as such and boiled egg shell membranes. A few representative images of both types of 

membranes loaded with gold nano/ micro structures at pH 6 are shown in Figures 5.9 

- 5.12.  
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Figure 5.9. Scanning electron micrographs (a, b, c and d) of fibrous side of as such egg shell 

membrane densely loaded with gold micro and nanostructures/ particles at pH 6 at different 

magnifications without further coating. Scale bar corresponds to (a) and (b) 10 µm, (c) 1 µm 

and (d) 100 nm. 
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Figure 5.10. Scanning electron micrographs (a, b, c and d) of non-fibrous side of as such egg 

shell membrane densely loaded with gold micro and nanostructures/ particles at pH 6 at 

different magnifications without further coating. Scale bar corresponds to (a) and (b) 10 µm, 

(c) 1 µm and (d) 100 nm. 
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Figure 5.11. Scanning electron micrographs (a, b, c and d) of fibrous side of boiled egg shell 

membrane loaded with gold micro and nanostructures/ particles at pH 6 at different 

magnifications without further coating. Scale bar corresponds to (a) 10 µm, (b) and (c) 1 µm 

and (d) 100 nm. 

 

Figure 5.12. Scanning electron micrographs (a and b) of non-fibrous side of boiled egg shell 

membrane loaded with gold nanostructures at pH 6 at different magnifications without further 

coating. Scale bar corresponds to (a) 1 µm and (b) 100 nm. 
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 At pH 8, fairly uniform gold nanoparticles of ca. 10 
_ 

20 nm were formed on 

the surface of as such egg shell membranes densely covering its surface (Figure 

5.13). The loading of gold in this case was found to be 51 and 20 weight % by EDX 

and ICP analyses respectively as shown in Figure 5.13 and table 5.1. Same type of 

fairly uniform gold nanoparticles were also present on the non-fibrous side of as such 

egg shell membranes at pH 8 (Figure 5.14).  

 

 

Figure 5.13. Scanning electron micrographs (a, b, c, d and e) of fibrous side of as such egg 

shell membrane highly decorated with gold nanoparticles at pH 8 at different magnifications 

without further coating. Scale bar corresponds to (a) and (b) 10 µm, (c) 1 µm, (d) and (e) 100 

nm. Their EDX spectrum is shown in (f). 
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Figure 5.14. Scanning electron micrographs (a, b, c and d) of non-fibrous side of as such egg 

shell membrane highly decorated with gold nanoparticles at pH 8 at different magnifications 

without further coating. Scale bar corresponds to (a) 10 µm, (b), (c) and (d) 100 nm. 

 In the case of heat-denatured egg shell membranes at pH 8,  gold nanoparticles 

were though formed on both sides of the membranes but were not as dense and 

uniform as in case of as such egg shell membranes at the same pH as shown in 

Figures 5.15 and 5.16. A possible explanation could be that heat denaturation may 

have changed some of the functional groups/ units (possibly amino acids, saccharides 

or uronic acids) of egg shell membranes which were responsible for reducing the 

ionic gold into gold nanoparticles and their subsequent binding to the membranes due 

to electrostatic imbalance. It is already known that amino acids, particularly glycine 

and alanine, are responsible for the adsorption of gold ions onto egg shell membranes 

and that the aldehyde moiety present in uronic acid and saccharides is responsible for 

the conversion/ reduction of Au (III) ions into Au nanoparticles (Zheng et al., 2010). 

Heat denaturation may have oxidized aldehyde groups, thus affecting the reduction 
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potential of the membrane for gold ions and its subsequent affect on the formation and 

binding of gold nanoparticles onto it.  

 

Figure 5.15. Scanning electron micrographs (a, b, c and d) of fibrous side of boiled egg shell 

membrane loaded with gold nanostructures and particles at pH 8 at different magnifications 

without further coating. Scale bar corresponds to (a) and (b) 10 µm, (c) 1 µm and (d) 100 nm. 
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Figure 5.16. Scanning electron micrographs (a, b, c and d) of non-fibrous side of boiled egg 

shell membrane loaded with gold nanostructures, particles and precipitates at pH 8 at different 

magnifications without further coating. Scale bar corresponds to (a) 10 µm, (b) 1 µm, (c) and 

(d) 100 nm. 

 At pH 9, FESEM characterization shows that gold nanoparticles of 

comparable dimensions were formed on the surface of as such egg shell membranes 

as those at pH 8 but the density of gold nanoparticles covering the surface of egg shell 

membranes was lesser as compared to that at pH 8. These results were further 

validated by EDX (Figure 5.17) and ICP analysis (table 5.1). It contained only 32 

weight % of gold as determined by EDX analysis and 13 weight % of gold was 

determined by ICP analysis. The FESEM analysis of non-fibrous side of this 

membrane is shown in Figure 5.18.  
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Figure 5.17. Scanning electron micrographs (a, b, c, d and e) of fibrous side of as such egg 

shell membrane decorated with gold nanoparticles at pH 9 at different magnifications without 

further coating. Scale bar corresponds to (a) and (b) 10 µm, (c) 1 µm, (d) and (e) 100 nm. 

Their EDX spectrum is shown in (f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.18. Scanning electron micrographs (a, b, c and d) of non-fibrous side of as such egg 

shell membrane loaded with gold nanoparticles at pH 9 at different magnifications without 

further coating. Scale bar corresponds to (a) 10 µm, (b), (c) and (d) 100 nm. 
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 The calcination of organic-inorganic hybrid materials usually leads to porous 

inorganic framework and it has already been demonstrated by various groups to 

produce porous gold beads and microwires, etc (Rehman et al., 2010; Zhang et al., 

2004). In our case, the calcination (600 
o
C) of organic matter of egg shell membranes, 

densely loaded with gold, led to the formation of porous gold membranes of nearly 

the similar pattern as that of fibers of egg shell membranes. Such almost pure and heat 

fused porous gold membranes are shown in Figures 5.19 - 5.22 with their respective 

EDX analyses showing almost 100% gold. Only minor peaks of Si were observed in 

some cases as calcination was performed on the surface of Si wafers, the area where 

there were pores Si substrate was detected by EDX. The absence of peaks of carbon in 

all EDX spectra of heat destroyed egg shell membranes confirmed the absence of any 

residual organic matter left on the Si substrate hence indicating the presence of fairly 

pure metallic gold membranes. 

 

 

Figure 5.19. Scanning electron micrographs (a, b, c and d) of fibrous side of as such egg shell 

membrane highly decorated with gold micro and nanostructures obtained at pH 3 after 

calcination at 600 
o
C for 3 hours at different magnifications. Scale bar corresponds to (a) 10 

µm, (b) and (c) 1 µm and (d) 100 nm. Their EDX spectrum is shown in (e). 
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Figure 5.20. Scanning electron micrographs (a, b and c) of fibrous side of boiled egg shell 

membrane highly decorated with gold micro and nanostructures at pH 3 after calcination at 

600 
o
C for 3 hours at different magnifications. Scale bar corresponds to (a) 10 µm, (b) 1 µm 

and (c) 100 nm. Their EDX spectrum is shown in (d). 
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Figure 5.21. Scanning electron micrographs (a, b, c, d and e) of fibrous side of as such egg 

shell membrane highly decorated with gold nanoparticles at pH 8 after calcination at 600 
o
C 

for 3 hours, showing porous gold membrane at different magnifications. Scale bar 

corresponds to (a) 10 µm, (b) and (c) 1 µm, (d) and (e) 100 nm. Their EDX spectrum is 

shown in (f). 

 

 

Figure 5.22. Scanning electron micrographs (a, b, c, d and e) of fibrous side of as such egg 

shell membrane highly decorated with gold nanoparticles at pH 9 after calcination at 600 
o
C 

for 3 hours, showing porous gold membrane at different magnifications. Scale bar 

corresponds to (a) 10 µm, (b), (c) and (d) 1 µm and (e) 100 nm. Their EDX spectrum is 

shown in (f). 
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 At pH 3, both types of egg shell membranes (as such and heat denatured) were 

highly loaded with gold micro and nanostructures which were fused upon calcination 

at 600 
o
C. But due to extensive loading of gold on such egg shell membranes (75 and 

85 wt. % respectively on the surface as determined by EDX) led to less porous gold 

patterns (Figures 5.19 and 5.20). But at pH 8 and 9 as such egg shell membranes 

were  loaded with fairly uniform gold nanoparticles but with less gold contents on the 

surface i.e. 51 wt. % and 32 wt. %. Therefore the calcination of egg shell membranes-

gold composites obtained at pH 8 and 9 led to the formation of more porous and 

membrane-like framework of gold (Figures 5.21 and 5.22) resembling more with the 

original porous structure of the egg shell membranes. And formed macroporous gold 

membranes upon heat removal of their organic matter and porous patterns of the 

fibers of egg shell membranes could be seen clearly in the FESEM images of these 

heat burnt egg shell membranes. The fused gold on the non-fibrous side of these 

calcinated egg shell membranes is shown in Figures 5.23 - 5.25. At lower calcination 

temperatures, less than 550 
o
C, the organic matter of egg shell membranes was not 

totally removed. Definite porous gold membranes were formed when the membranes 

loaded with gold were heated at 600 
o
C, and thus was assumed as optimal temperature 

for the removal of all organic matter and formation of regular patterns of porous gold 

membranes. At higher temperatures e.g. at 800 
o
C all fibers of gold were completely 

fused together and representative FESEM images of such relatively non-porous gold 

is shown in Figure 5.26 along with its EDX graph showing pure fused gold. 

 
Figure 5.23. Scanning electron micrographs (a and b) of non-fibrous side of as such egg shell 

membrane highly decorated with gold micro and nanostructures obtained at pH 3 after 

calcination at 600 
o
C for 3 hours. The images were taken at different magnifications. Scale 

bar corresponds to (a) 10 µm and (b) 100 nm.  
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Figure 5.24. Scanning electron micrographs (a, b, c and d) of non-fibrous side of as such egg 

shell membrane highly decorated with gold nanoparticles obtained at pH 8 after calcination at 

600 
o
C for 3 hours showing fused gold. The images were taken at different magnifications. 

Scale bar corresponds to (a) 10 µm, (b) and (c) 1 µm and (d) 100 nm. 
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Figure 5.25. Scanning electron micrographs (a and b) of non-fibrous side of as such egg shell 

membrane decorated with gold nanoparticles obtained at pH 9 after calcination at 600 
o
C for 3 

hours. The images were taken at different magnifications. Scale bar corresponds to 1 µm in 

(a) and (b). 

Figure 5.26. Scanning electron micrographs (a, b and c) of fibrous side of boiled egg shell 

membrane highly decorated with gold micro and nanostructures obtained at pH 3 after 

calcination at 800 
o
C for 3 hours. The images were taken at various magnifications. Scale bar 

corresponds to 100 nm. Their EDX spectrum is shown in (d). 
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Table 5.1. Comparison of ICP and EDX analyses of egg shell membranes-gold 

nanocomposites before calcination.  

 

Type of membrane Concentration of gold 

by ICP (Wt. %) 

Concentration of gold 

by EDX (Wt. %) 

Boiled egg shell 

membrane with gold 

nanostructures at pH 3 

32 87 

As such egg shell 

membrane with gold 

nanostructures at pH 3 

22 75 

As such egg shell 

membrane with gold 

nanoparticles at pH 8 

20 51 

As such egg shell 

membrane with gold 

nanoparticles at pH 9 

13 32 

 

 

(Note: The results are 2 
_
 5% error prone due to measuring errors associated with ICP 

and EDX. After calcination each of the egg shell membrane-gold nanocomposites led 

to the formation of almost pure gold as determined by EDX.) 

 Such gold micro and nano structures formed on the surface of some template 

such as egg shell membranes provide a rough metal surface and may have  potential 

to be used as an active substrate for enhancing the signal of surface enhanced Raman 

spectroscopy (SERS). The gold nanoparticles deposited on the fibers of egg shell 

membranes may further be exploited for their applications in electronics and sensing 

(Zheng et al., 2010). The gold loading on egg shell membranes in our case is much 

more than the previous studies and thus such nanocomposites may have superior 

applications in catalysis and sensing. The porous membrane-like framework of pure 

gold formed by using gold nanoparticles as building blocks generated on egg shell 

membranes may also have useful applications in sensing and separation but would 

certainly require extensive study to demonstrate any such potential application.  
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5.5 Conclusion and Future Perspectives 

 In short, we have optimized the condition to produce high loading of gold 

nanostructures/ nanoparticles on egg shell membranes without using additional 

reducing agents. At low pH, i.e., pH 3, irregular gold nanostructures were obtained. 

With an increase in pH, the irregularity in the size and shape of gold nanostructures 

was reduced and fairly uniform gold nanoparticles were produced at pH 8 and 9. The 

gold loading in each case remained and was comparatively more at acidic pH. Heat 

treatment of egg shell membranes, before its incubation with gold salts to produce 

gold nanoparticles, reduces its ability for in-situ production of fairly uniform gold 

nanoparticles but enhances the membrane overall ability to reduce/ precipitate gold 

onto it. This results in higher gold contents in the resulting hybrid materials but with 

less uniform gold nanoparticles. Upon calcination of the egg shell membranes-gold 

nanocomposites, pure and porous gold membranes were formed with varying degree 

of porosity. Porous framework of gold obtained after calcination of egg-shell 

membrane-gold nanocomposites obtained at pH 8 and 9 was more alike a membrane 

thus retaining the original porous structure of egg shell membrane. Such egg shell 

membrane-gold nanocomposites and membrane-like porous pure gold may have 

potential applications in catalysis, sensing and possibly as substrate for surface 

enhanced Raman spectroscopy but requires extensive study to demonstrate any such 

application.  
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Cellulose as a Template for the Production of Cellulose Nanoparticle 

Composite Fibers 

6.1 Introduction and Review of Literature 

 Due to the challenges associated with the immobilization of pre-formed metal 

nanoparticles on various substrates, direct synthesis of metal nanoparticles on various 

substrates is attracting considerable interest. This is because of potential applications 

of such materials in optics, electronic devices, catalysis, sensors and medical materials 

(Baker and Moore, 2005; Drogat et al., 2011; El-Shishtawy et al., 2011; Hetrick and 

Schoenfisch, 2006; Kwon et al., 2005; Rotello, 2004; Sergeev, 2006; Serp et al., 

2003; Shipway et al., 2000). Due to their antibacterial properties polymer supported 

silver nanoparticles are attracting considerable attention in biomedical applications 

which subsequently enabled their use in wound dressing materials, antimicrobial 

filters, tissue scaffolds, body wall repairs (Drogat et al., 2011; El-Shishtawy et al., 

2011; Son et al., 2004; Wang et al., 2005) and antibacterial packaging materials, to 

prevent bacterial infection in foodstuffs (Drogat et al., 2011; El-Shishtawy et al., 

2011; Tankhiwale and Bajpai, 2009). For the purpose of attachment of metal 

nanoparticles a diverse range of substrates have been used such as; silica, metals or 

their oxides, carbon based materials, polymers, etc (Rotello, 2004; Serp et al., 2003; 

Shipway et al., 2000). Beside above mentioned materials, cellulose has also been used 

as support material for the synthesis of metal nanoparticles (Barud et al., 2008; de 

Santa Maria et al., 2009; Drogat et al., 2011; El-Shishtawy et al., 2011; Ferraria et al., 

2009; He et al., 2003; Taylor et al., 2005a; Taylor et al., 2005b). According to 

Ferraria et al. metallic nanostructures if appropriately used in combination with 

cellulose for the miniaturization of electrical circuits, it may lead towards an era of 

nanoelectronics (Ferraria et al., 2009). These electrical circuits may also be printed on 

paper simply by using inkjet printers. “Smart paper” or “smart cotton” has also the 

possibility to be based on nanoparticles structured on cellulosic materials, having 

large number of applications in different fields (Ferraria et al., 2009). Immobilized 

nanoparticles at cellulosic surfaces are considered harmless to humans and animals 

because the risk of contamination of water, organic as well as biological medium is 

impeded by fairly strong bonding between metal nanoparticles and cellulosic material 

(Ferraria et al., 2009). Silver nanoparticles attached on cellulosic surfaces have broad 
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spectrum of antimicrobial activity (Barud et al., 2008; de Santa Maria et al., 2009; 

Drogat et al., 2011; El-Shishtawy et al., 2011; Taylor et al., 2005a; Taylor et al., 

2005b). UV-blocking activity was imparted to fabric by depositing ZnO nanoparticles 

on cellulose/ fabric (Yadav et al., 2006).  

 Cellulosic substrates of different functionalities have been utilized as 

supporting medium either in the form of stabilizer or as reductants for the synthesis of 

gold, silver and platinum nanoparticles. These substrates include oxidized cellulose 

microfibrils (Wu et al., 2008), carboxymethyl cellulose sodium (Chen et al., 2008) 

and nanoporous cellulose gel (Cai et al., 2008). For example, Wu et al. oxidized the 

surface of cellulose microfibrils by introducing aldehyde groups and on these fibers 

silver nanoparticles were deposited in a linear fashion by silver mirror reaction (Wu et 

al., 2008). Chen et al. have used carboxymethyl cellulose sodium as a sole stabilizing 

and reducing agent for metal nanoparticles synthesis (Chen et al., 2008). Cai et al. 

have synthesized nanoparticles of gold, silver and platinum by hydrothermal 

reduction in nanoporous cellulose gel (Cai et al., 2008). In the above mentioned 

methods, the synthesis of metal nanoparticles was performed either in organic media 

or at high temperature or by using external reducing agents. Main characteristic of 

cellulose fiber and matrix is its porous texture which acted as a useful substrate for the 

synthesis of nanoparticles of different metals such as platinum, palladium, silver and 

copper (He et al., 2003; Kotelnikova et al., 1999). 

 Cellulose derivative matrix and other polysaccharides having chemical 

structure similar to cellulose have also been used as dispersant for metal nanoparticles 

composite materials (Drogat et al., 2011; Huang et al., 2004; Kwon et al., 2005). 

Nanoporous cellulose gel has also been used as a reducing as well as morphology 

directing agent, resulting in the formation of selenium nanobelts (Lu et al., 2006). 

Cellulose acetate nanofibrillar aerogel has been prepared with silver nanoparticles 

with a maximum silver loading of up to 6 weight % (Luong et al., 2008). In all these 

reports, the loading of metal nanoparticles remained low. Therefore there is a need to 

search new methods which can yield higher loading of fairly uniform metal 

nanoparticles. 

 Dong et al. have recently adopted two strategies for the deposition/ formation 

of nanoparticles of gold, platinum and palladium on the surface of modified cellulose 

fibers (cationic cellulose fibers). In one of the strategy, citrate stabilized metal 

nanoparticles were electrostatically immobilized on cationic cellulosic surfaces. 
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Whereas in their 2
nd

 approach the anionic metal complex ions were adsorbed onto 

cationic cellulose surfaces which were then reduced by means of sodium borohydride 

(Dong and Hinestroza, 2009). Using this approach, they were successful to obtain 

high loading density of metal nanoparticles, but the size distribution of nanoparticles 

was quite broad. El-Shishtawy et al. have dipped cellulose fabric in the solution of 

silver salt and added cetyl trimethyl ammonium bromide and glucose. Subsequently 

after the addition of sodium hydroxide they were successful to obtain antimicrobial 

silver fabric. But the loading content/ density of silver was again low (El-Shishtawy et 

al., 2011). Ferraria et al. have developed a method for the synthesis of silver 

nanoparticles at the surface of ultrathin cellulose films having high loading density of 

nanoparticles. In their experimental approach, they have adopted mild wet chemistry 

technique by spin coating cellulose ultrathin films on GaAs substrates after grafting 

the films with diaminoalkanes (activated by N,N’-carbonyldiimidazole). These amine 

containing modified cellulosic films acted as anchoring centers for silver ions, thus 

helped in the immobilization/ formation of silver nanoparticles (Ferraria et al., 2009). 

 In addition to above mentioned methods for metal nanoparticles synthesis, we 

have adopted different strategies for the synthesis of gold and silver nanoparticles on 

cellulose/ modified cellulose microfibers. For the purpose of attachment of positively 

charged metal ions cellulose is an interesting material having oxygen rich negatively 

charged surfaces (Sarrazin et al., 2009). It is a linear polysaccharide consisting of D-

anhydroglucose units joined by oxygen rich 1,4-β-D-glycosidic linkages between C1 

of one glucose monomer and C4 of the other (Nevell and Zeronian, 1985). Natural 

cellulose fibers are composed of micro fibrils of 10 - 30 nm width, three 

dimensionally connected with each other giving a porous architecture to the whole 

fiber (He et al., 2003). Its degree of polymerization is around 10,000. Three hydroxyl 

groups are present in each repeating unit of cellulose polymer. Crystalline packing 

and physical properties of cellulose is due to hydrogen bond forming ability of these 

hydroxyl groups. These hydroxyl groups can be utilized for the chemical modification 

of the cellulose fiber. In the present work, in one of the experimental approach the 

surfaces of cellulose microfibrils were modified by thiol groups using mercaptoacetic 

acid in the presence of catalytic amount of para-toluene sulphonic acid in an inert 

environment. The chemically modified cellulose containing thioester groups was then 

used as a useful template to prepare and assemble gold nanoparticles without using 

any additional chemicals (i.e., reducing agents, etc.). This resulted in the formation of 
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cellulose-gold nanoparticle composites with high gold contents. In addition, we 

modified/ activated the surface of cellulose with sodium hydroxide and lecithin and 

used it as a template to prepare and organize gold and silver nanoparticles without 

using additional reducing agents. The resulting cellulose-metal nanoparticle 

composites contain fairly uniform metal nanoparticles with high metal contents (15 - 

43 wt %). For comparison, we also used NaBH4 as a reducing agent to reduce metal 

ions on the surface of cellulose fibers. Direct reduction of metal ions on cellulose 

surface resulted in the formation of polydisperse metal nanoparticles with low metal 

contents compared to above mentioned strategies. The cellulose-metal nanoparticle 

composites were characterized using FTIR, EXD and FESEM. 

6.2 Objectives 

The following were the main objectives of this study 

1- Use of modified/ unmodified cellulose fibers for in situ synthesis of gold and 

silver nanoparticles. 

2- Comparison of different strategies for the synthesis of fairly uniform metal 

nanoparticles on cellulose fibers. 

3- Comparison of loading of gold and silver in the resulting composites. 

6.3 Materials and Methods 

6.3.1 Materials 

 Cellulose fiber (Pima cotton i.e. South American cotton (Gossypium 

barbadense)) was used as the source of cellulose fiber. Silver nitrate, sodium 

hydroxide, sodium borohydride, lecithin, mercaptoacetic acid and para-toluene 

sulphonic acid were received from Acros. Hydrogen tetrachloroaurate (HAuCl4) was 

received from Aldrich. Ultra pure water with specific resistance of 18 MΩ.cm was 

used throughout the experiments and was obtained from Millipore. 

6.3.2 Characterization of Nanomaterials 

 SEM analyses were performed using JSM-7500F field emission scanning 

electron microscope. JEE-420 vacuum evaporator by JEOL was used for coating 

some of the samples with carbon before analyses. EDX graphs were recorded with a 

SEM CamScan IV from Germany. 282A programmable vacuum oven was used for 
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drying the fibers before analyses. FTIR analyses were performed by Bruker Alpha-P 

FTIR with a diamond ATR attachment. 

6.3.3 Methodology 

6.3.3.1 In situ reduction of gold and silver nanoparticles on cellulose fibers using 

sodium borohydride as reducing agent 

 In situ reduction of gold and silver nanoparticles on the surface of cellulose 

fibers was performed using sodium borohydride as a reducing agent in the presence of 

excess of metal ions. 0.005 g of cellulose fiber was dipped overnight into 20 mL of 10 

mM HAuCl4 and 1 M AgNO3 solutions separately. For control experiment, same 

quantity of fiber was dipped in double distilled deionized water. After rinsing with 

100% ethanol for 40 seconds to remove excess of metal ions, the above soaked fibers 

were dipped into 20 mL of 200 mM, NaBH4 solution over night. After that the fibers 

were rinsed with double distilled deionized water, dried on common filter paper and 

finally in a vacuum oven for 7 hours at 70 
o
C for further characterization.  

6.3.3.2 In situ reduction of gold and silver nanoparticles on sodium hydroxide 

treated cellulose fibers (reduction by refluxing) 

 0.005 g of cellulose fibers, soaked (over night) in 10 mL of NaOH solutions 

(0.5 M and 0.05 M in the case of gold nanoparticles and 0.05 mM for the synthesis of 

silver nanoparticles) were refluxed for 10 to 20 minutes. In case of control 

experiment, same amount of fibers was soaked into double distilled deionized water. 

In the boiling solutions of sodium hydroxide treated cellulose fibers was added 25 mL 

of 1 mM HAuCl4 and AgNO3 solutions separately, refluxed for further 1.5 hours with 

constant stirring, and cooled the reaction contents to room temperature with constant 

stirring. The cellulose fibers were then rinsed with double distilled deionized water, 

dried on a common filter paper and finally in a vacuum oven for 7 hours at 70 
o
C for 

further characterization.  

6.3.3.3 In situ reduction of gold and silver nanoparticles on the surface of 

cellulose fibers using lecithin as reducing agent 

 0.005 g of cellulose fibers were dipped in different aliquots (each 5 mL) of 10 

mM lecithin solution in n-hexane over night. For control experiment cellulose fibers 
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were dipped only in n-hexane. Next day the fibers were taken out from the solvent, 

dried in air and dipped in 10 mL of 1 mM HAuCl4 and silver nitrate solutions 

separately for 24 hours at room temperature. The fibers were rinsed with double 

distilled deionized water, dried on a common filter paper and finally in a vacuum 

oven for 7 hours at 70 
o
C for further characterization.  

6.3.3.4 In situ reduction of gold nanoparticles on the surface of thiol modified 

cellulose fibers 

 0.1 g of cellulose fibers were heated with 10 mL of mercaptoacetic acid in the 

presence of catalytic amount of para-toluene sulphonic acid with constant stirring in 

an inert atmosphere in the presence of argon gas. Heated the reaction contents with 

constant stirring for 30 minutes at 50 
o
C, 30 minutes at 100 

o
C and finally at 130 

o
C 

for 30 minutes. After bringing the reaction contents to room temperature, the thiol 

modified cellulose fibers were filtered using a buchner funnel using vacuum suction 

pump and washed with plenty of water to remove any soluble impurities, dried in a 

vacuum oven at 50 
o
C over night. Thiol modification of cellulose fibers was 

confirmed by a comparison of FTIR spectra of untreated cellulose fibers and thiol 

modified cellulose fibers.  

 In order to prepare metal nanoparticles on thiol modified cellulose fibers, 

0.0006 g modified cellulose fibers were dipped into 5 mL of 1 mM HAuCl4 solution. 

For control experiment, same quantity of thiol modified cellulose fibers were dipped 

into 5 mL of double distilled deionized water. The flasks containing thiol modified 

cellulose fibers dipped in HAuCl4 solution and deionized water were subjected to 

gentle shaking over night. The cellulose fibers were then washed with double distilled 

deionized water, dried in a vacuum oven at 70 
o
C for seven hours and analysed using 

FESEM and EDX. 
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6.4 Results and Discussion 

6.4.1 In situ reduction of gold and silver nanoparticles on cellulose fibers using 

sodium borohydride as reducing agent 

 In solution phase synthesis of metal nanoparticles commonly used method is 

chemical reduction of metal salts. Generally a soluble metal salt is used as a precursor 

for the synthesis of metal nanoparticles in the presence of a stabilizer and a reducing 

agent. While in the template assisted synthesis of metal nanoparticles, template not 

only provides a platform for the synthesis of metal nanoparticles but also the particles 

anchored on the organic template may adopt shape controlled structures. We used 

cellulose fibers as template to produce metal nanoparticles. The diameter of these 

cellulose fibers was about 10 µm as revealed by their field emission scanning electron 

microscopic analyses (Figure 6.1).  

 

Figure 6.1. Scanning electron micrographs of control cellulose fibers at different 

magnifications after coating with carbon. Scale bar corresponds to (a) 100 µm, (b) 10 µm and 

(c) 1 µm.    

 In case of borohydride reduction, the colour of cellulose fibers changed 

immediately after dipping the cellulose fibers (pre-soaked into metal salt solutions) in 

sodium borohydride solution. In the case of gold nanoparticles formation on the 

surface of cellulose fibers, using 10 mM HAuCl4 solution as precursor, purple 

coloured cellulose fibers were obtained at the end of completion of reduction (~ 4 

hours). From FESEM micrographs (taken after carbon coating), it is clear that the 

particles ranged in size from 5 - 70 nm and were quite polydisperse in nature. Some of 

the particles were in the form of clusters having oval and round shapes as shown in 

scanning electron micrographs (Figure 6.2). From EDX spectrum (Figure 6.2), the 

loading of gold was found to be 22%. 
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Figure 6.2. (a) and (b) Scanning electron micrographs of cellulose fiber coated with gold 

nanoparticles formed by in situ reduction of gold ions on the surface of cellulose fibers using 

sodium borohydride as reducing agent. Images were taken at different magnifications after 

coating cellulose-gold nanoparticle composites with carbon. Scale bar corresponds to (a) 1 

µm and (b) 100 nm. Their EDX spectrum is given in (c) which shows peaks of gold, oxygen 

and carbon. 

 Same experimental approach was applied for the synthesis of silver 

nanoparticles. After completion of the reaction, cellulose fibers got dark brown and 

were analysed by FESEM after coating with carbon. From their FESEM micrographs 

shown in Figure 6.3, it is clear that here again the particles were polydisperse in 

nature ranging in size from 15 - 70 nm with spherical and oval morphologies. Mostly 

the particles were of 20 nm in size. The weight percentage of silver on cellulose-silver 

nanoparticle composites was found to be 19 as was determined by their EDX analysis 

(Figure 6.3). 

 In the EDX spectra of both metal nanoparticles incorporated cellulose fibers 

there were only peaks of metals (i.e. gold and silver), oxygen and carbon. From EDX 

spectra it was not possible to detect peak of hydrogen, rest peaks confirmed the 

presence of cellulose fiber (made of carbon, hydrogen and oxygen) and metal 

nanoparticles either gold or silver (shown in their respective spectra). 

 A possible explanation for the formation of metal nanoparticles on the surface 

of cellulose fibers using this methodology could be that, when cellulose fibers were 

immersed in the solution of metal salts (gold and silver); through the pores in 

cellulose fibers metal ions were readily impregnated into these fibers. The electron 

rich oxygen atoms of polar hydroxyl and other groups of cellulose fibers may interact 

with electropositive transition metal cations via electrostatic i.e. ion-dipole 

interactions, as a result of that most of the metal ions got incorporated into cellulose 

macromolecules (He et al., 2003; Kesting, 1965). Those metal ions that were not 
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anchored to cellulose fibers were effectively removed by rinsing with absolute ethanol 

for ca. 40 seconds. When these metal nanoparticles incorporated porous cellulose 

fibers were dipped into the solution of sodium borohydride, it immediately reduced 

the adsorbed metal ions into metal atoms to initiate the nucleation process. The metal 

nuclei then grow during the course of reaction to form metal nanoparticles. 

 

Figure 6.3. (a), (b) and (c) Scanning electron micrographs of cellulose fiber coated with silver 

nanoparticles formed by in situ reduction of silver ions on the surface of cellulose fibers using 

sodium borohydride as reducing agent. Images were taken at different magnifications after 

coating with carbon. Scale bar corresponds to (a) 1 µm, (b) and (c) 100 nm. Their EDX 

spectrum is shown in (d) which shows peaks of silver, oxygen and carbon. 

6.4.2 In situ formation of gold and silver nanoparticles on sodium hydroxide 

treated cellulose fibers  

 Cellulose could be hydrolyzed easily by acid treatment forming water soluble 

sugars but is resistant to strong alkali up to 17.5 weight %. It is also resistant to 

oxidizing agents (John and Thomas, 2008). At room temperature, concentrated NaOH 
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(>17.5 weight %) can hydrolyze cellulose fibers to some extant and the degree of 

hydrolysis depends upon the degree of polymerization of cellulose fibers as well as 

upon the concentration of sodium hydroxide used (Egal et al., 2008). But the fibers 

used in these experiments possessed long polymeric length of 3505 mm so the chance 

of hydrolysis by sodium hydroxide was almost negligible. Moreover the used 

concentrations of sodium hydroxide were below the concentrations required for 

hydrolysis of cellulose fibers.  

 Cellulose fibers soaked into NaOH solutions were refluxed, and gold and 

silver nanoparticles were successfully synthesised by changing molar concentrations 

of sodium hydroxide solutions. In the boiling solution of sodium hydroxide treated 

cellulose fibers 1 mM solutions of HAuCl4 and AgNO3 were added separately. In 

boiling suspension of cellulose and sodium hydroxide, hydroxyl groups are 

deprotonated which not only help to improve the affinity of metal ions to cellulose 

matrix but also facilitate the reduction of metal (Au and Ag) ions to form metal 

nanoparticles.  

 The experiment in which cellulose fibers were dipped into 0.05 M sodium 

hydroxide solution (25 mL of 1 mM HAuCl4), a purple coloured fiber was obtained at 

the end of reaction containing fairly uniform gold nanoparticles ranging from 15 - 20 

nm in size as revealed by their FESEM analysis shown in Figure 6.4. It was also 

confirmed by EDX analysis that there was much more loading of surface bound gold 

nanoparticles (34 weight percent gold) as compared to other methods (sodium 

borohydride and lecithin reduction). 

 

 

 

 

 



Cellulose as a Template for the Production of Cellulose Nanoparticle Composite Fibers 

168 

 

 

Figure 6.4. (a), (b) and (c) Scanning electron micrographs of cellulose fiber coated with gold 

nanoparticles formed by in situ reduction of gold ions on the surface of cellulose fibers by 

refluxing cellulose fibers soaked in 0.05 M sodium hydroxide solution with 1 mM HAuCl4 

solution. Images were taken at different magnifications after coating cellulose-gold nano-

composites with carbon. Scale bar corresponds to (a) 1 µm, (b) and (c) 100 nm. Their EDX 

spectrum is given in (d) which shows peaks of gold, oxygen and carbon. 

 When more concentration of sodium hydroxide solution (0.5 M NaOH, 25 mL 

of 1 mM HAuCl4) was used, the colour of fiber got deep violet as in the case of 0.05 

M NaOH used but here the particles formed were not uniform and were polydisperse 

in nature. Moreover, the gold nanoparticles formed in this case were fewer (low gold 

loading) having different shapes and varied much in their sizes from 25 - 65 nm as 

revealed by their FESEM analyses (Figure 6.5). 
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Figure 6.5. Scanning electron micrographs of in situ reduction of 0.5 M sodium hydroxide 

treated cellulose fibers, reaction was carried out by refluxing the reaction contents and gold 

nanoparticles were attached on the surface of cellulose fibers by using 1 mM HAuCl4 

solution. Scanning electron micrographs were captured after coating cellulose-gold 

nanoparticle composite with carbon at various magnifications. Scale bar corresponds to (a) 1 

µm and (b) 100 nm. 

 Cellulose fibers treated with 0.5 mM sodium hydroxide solution were also 

used to produce silver nanoparticles on their surface. When reflux was stopped the 

solution was slightly yellow and fibers turned deep brown in colour. From FESEM 

micrographs, (Figure 6.6) it was observed that particles were fairly spherical in shape 

and varied in size from 15 - 25 nm. The surface density of silver nanoparticles (bound 

to the surface of cellulose fibers) was found to be 26.61 weight percent from their 

EDX analysis (Figure 6.6). 

 Here again the possible mechanism of action of sodium hydroxide could be 

that it made prone surface of fibers for the attachment of metal nanoparticles by 

creating negative charge on the surface of cellulose fibers by deprotonating the 

hydroxyl ions. This resulted in improved interaction between the metal ions and 

negatively charged cellulose and facilitated the reduction of gold and silver ions under 

boiling conditions. Boiling negatively charged cellulose fibers in the presence of gold 

and silver ions was found necessary to produce gold and silver nanoparticles as no 

such metal nanoparticles were produced at room temperature.  
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Figure 6.6. (a) and (b) Scanning electron micrographs of cellulose fiber coated with silver 

nanoparticles formed by in situ reduction of silver ions on the surface of cellulose fibers by 

refluxing cellulose fibers (pre-soaked in 0.05 mM sodium hydroxide solution) with 1 mM 

AgNO3 solution. Images were taken at different magnifications after coating cellulose-silver 

composites with carbon. Scale bar corresponds to (a) 1 µm and (b) 100 nm. Their EDX 

spectrum (c) shows peaks of silver, oxygen and carbon. 

6.4.3 In situ formation of gold and silver nanoparticles on the surface of cellulose 

fibers using lecithin as capping and reducing agent 

 Lecithin is a group of fatty substances which occur in animal and plant tissues 

and in egg yolk. It is composed of choline, phosphoric acid, glycerol, fatty acids, 

triglycerides, glycolipids and phospholipids. It can be isolated from egg yolk or soy 

beans (Iwata et al., 1993; Jimenez et al., 1990). The lecithin used in these experiments 

was of commercial grade having low solubility in water but completely soluble in 

hexane (solvent for lecithin extraction from its source) (Iwata et al., 1993; Jimenez et 

al., 1990). Recently lecithin is reported to produce suspended gold nanoparticles and 

has also been used to develop a bio-ink to produce gold nanoparticles on ink-jet 

printed patterns on different surfaces (Hussain et al., 2010). We thus set out to explore 

its potential to produce metal nanoparticles after coating it on cellulose fibers. For this 

purpose, cellulose fibers were dipped in the lecithin solution in n-hexane. In a control 

experiment, cellulose fibers were dipped only in n-hexane having no lecithin. Next 

day the fibers were taken out from the solutions (n-hexane in the case of control 

experiment and lecithin dissolved in n-hexane for the samples), dried in air and 

lecithin treated/ untreated fibers were dipped in 10 mL of 1 mM HAuCl4 and silver 

nitrate solutions separately. Lecithin-treated cellulose fibers resulted in the formation 

of gold and silver nanoparticles at room temperature, as was evident by the change of 

colour of cellulose fibers (purple in the case of gold nanoparticles formation and 

yellowish brown in the case of silver nanoparticles formation). In the case of gold 
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nanoparticles formation, the cellulose fibers got purple within one hour whereas silver 

nanoparticles were formed gradually as fibers got light brown/ yellowish after one 

hour and the intensity of colour increased gradually over time. The nanoparticles 

coated cellulose fibers were then rinsed with double distilled deionized water to 

remove any ionic or metallic species which was not anchored strongly on the surface 

of cellulose fibers. The composite fibers were then initially dried over a filter paper 

and then in an oven for 7 hours at 90 
o
C to remove any moisture contents in the fibers 

which can produce charging during FESEM analysis. FESEM analysis of gold 

nanoparticles bound on the surface of cellulose fibers showed fairly spherical particles 

ranging in size from 20 - 30 nm as shown in Figure 6.7. The weight percentage of 

gold on these cellulose fibers was found to be 15 by their EDX analysis (Figure 

6.7(c)). Silver nanoparticles formed by this approach were 10-30 nm in size and were 

also fairly spherical in shape (FESEM analysis is shown in Figure 6.8). Their surface 

loading density was 25% (confirmed from EDX results given in Figure 6.8 (c)). 

Silver nanoparticles bound on the surface of cellulose fibers may be useful for the 

fabrication of antimicrobial fabrics (El-Shishtawy et al., 2011; Lee et al., 2007). 

 

Figure 6.7. (a) and (b) Scanning electron micrographs of cellulose fiber coated with gold 

nanoparticles formed by in situ reduction of gold ions on the surface of cellulose fibers at 

room temperature using lecithin as reducing agent. Images were taken at different 

magnifications after coating with carbon. Scale bar corresponds to (a) 1 µm and (b) 100 nm. 

Their EDX spectrum (c) shows peaks of gold, oxygen and carbon. 
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Figure 6.8. (a) and (b) Scanning electron micrographs of cellulose fiber coated with silver 

nanoparticles formed by in situ reduction of silver ions on the surface of cellulose fibers at 

room temperature using lecithin as reducing agent. Images were taken at different 

magnifications after coating with carbon. Scale bar corresponds to (a) 1 µm and (b) 100 nm. 

Their EDX spectrum (c) shows peaks of silver, oxygen and carbon. 

 Lecithin is a kind of surfactant possessing positively charged quaternary 

ammonium groups which may interact with the hydroxyl groups on cellulose fibers to 

form a fairly uniform surface coating. The negatively charged phosphates groups of 

lecithin may then be exposed and available to create more interaction with the 

positively charged metal ions. The reduction of metal ions to produce metal 

nanoparticles using lecithin, however, seems to involve a complex mechanism and 

needs further study to propose a proper mechanism. This method, however, seems to 

be an environmentally benign approach for the production of nanoparticles on the 

surface of cellulose fibers without using any toxic reducing agent such as sodium 

borohydride, hydroxylamine hydrochloride, hydrazine and ascorbic acid.   

6.4.4 In situ formation of gold nanoparticles on the surface of thiol modified 

cellulose fibers 

 Upon thiol modification, the hydroxyl groups on the surface of cellulose fibers 

were converted into mercaptoacetate groups and the reaction scheme (6.1) is shown in 

Figure 6.9. FTIR analysis (Figure 6.10) clearly showed the peaks of thioester at 1731 

cm
-1

 in case of thiol modified cellulose fibers in comparison with control cellulose 

fibers in which no such peaks were present. Here para-toluene sulphonic acid acted as 

a catalyst as it provided H
+
 for successful completion of the reaction. Cellulose fibers 

got hydrolyzed to some extent but did not lost its structure as the shape of fiber was 

retained at the end of the completion of the reaction. When thiol modified fibers were 
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dipped in 1 mM HAuCl4 solution, the fiber started to develop purple colour 

immediately. The modified cellulose fibers got deep purple/ blue within one hour and 

the extent of colour increased with the passage of time while the colour of gold 

solution got very light yellow tending to transparent. This indicated that thiol groups 

on the surface of cellulose fibers attracted gold ions just like a magnet attracts iron 

bars and gold ions attached as well as reduced on the surface of thiol-modified 

cellulose fibers on all possible available reaction sites. The reaction was performed in 

the presence of excess of gold ions to ensure maximum conversion of free gold ions 

into gold nanoparticles. FESEM images of these fibers coated with gold nanoparticles 

are shown in Figure 6.11. The particles were fairly spherical in shape and their size 

varied from 20 to 30 nm. In this case, the gold loading density was highest as 

compared to all other strategies applied. The maximum gold loading was found to be 

43.13% by weight on the surface of thiol modified cellulose fibers as determined by 

EDX (Figure 6.11). A comparison of weight % of gold loading on cellulose fibers by 

all four methods is given in table 6.1. 

 

 

Figure 6.9. (Scheme 6.1) Thiol modification of glucose monomers of polymeric cellulose 

fibers using mercaptoacetic acid as SH- introducing group in the presence of catalytic amount 

of para-toluene sulphonic acid. Reaction was carried out in an inert atmosphere in the 

presence of Ar gas. Mercaptoacetate group replaced hydrogen of hydroxyl groups. Here n 

represents the number of repeating units of glucose monomers.  
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Figure 6.10. FTIR spectra of cellulose fibers (blue line) and thiol modified cellulose fibers 

(red line) used for the production/ immobilization of gold nanoparticles on the surface of thiol 

modified cellulose fibers. Modified cellulose fibers show clear peak of thioester at 1731 cm
-1

.  
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Figure 6.11. Scanning electron micrographs of cellulose fibers coated with gold nanoparticles 

formed by in situ reduction of gold ions on the surface of thiol modified cellulose fiber at 

room temperature in the presence of 1 mM HAuCl4 solution (a
_ 

c). Images were taken at 

different magnifications. Scale bar corresponds to (a) and (b) 1 µm and (c) 100 nm. Their 

EDX spectrum (d) shows peaks of gold, oxygen and carbon. 
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Table 6.1. Comparison of wt. % of gold and silver deposited on cellulose fibers and 

analyzed by EDX. 

 

Type of treatment 

 

Loading of gold on 

cellulose-Au nps 

composite fibers (Wt. %) 

Loading of silver on 

cellulose-Ag nps 

composite fibers (Wt. %) 

Cellulose + metal ions + 

sodium borohydride 22 19 

Cellulose soaked in 

sodium hydroxide + reflux 

+ metal ions 

34 26.61 

Cellulose + lecithin + 

metal ions 15 25 

Thiol modified cellulose + 

gold ions 43.13 Not tried 

 

(Note: The results are 2 - 5% error prone due to measuring errors associated with 

EDX.) 

6.5 Conclusion and Future Perspectives 

 Various strategies were used to produce and immobilize gold and silver 

nanoparticles on cellulose fibers. These strategies include the formation of gold/ silver 

nanoparticles by borohydride reduction, reacting NaOH or lecithin treated cellulose 

fibers with metal ions or incubating thiol modified cellulose fibers with metal ions. 

Most of the strategies led to the cellulose-metal nanoparticle composites containing 

fairly high metal loading (15 - 43 wt. %) with fairly uniform metal nanoparticles. 

Thiol modification of cellulose fibers resulted in the maximum loading of gold (43 wt. 

%) due to greater interaction of thiolated surface with gold. These composite 

materials may be useful for catalytic applications. The immobilization of silver 
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nanoparticles on cellulose fibers may help to develop new strategies for improved 

loading of nanosilver on cellulose to produce antimicrobial dressings/ fabrics. Such 

applications would, however, require generating stronger interaction of silver with 

cellulose to prevent silver leaching and to conduct risk assessment of any such 

products.  
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Synthesis of Polyelectrolyte Multilayered Capsules and Use of 

SNARF Capsules as Sensor Inside Living Cells 

7.1 Introduction and Review of Literature 

 Contribution of nanotechnology towards biology and medicine resulted in the 

fabrication of multifunctional hybrid materials composed of nanoscale building 

blocks. In this context, recently three-dimensional hollow spherical structures have 

gained significant interest due to their vast applications in different fields such as in 

targeted drug/ gene delivery and biosensing (Meier, 2000; Rivera Gil et al., 2008). 

For this purpose biocompatible and multifunctional vehicles such as liposomes 

(Chaize et al., 2004), block copolymers (Förster and Plantenberg, 2002) and 

dendrimer polymers have been constructed. Polyelectrolyte multilayered capsules 

(Donath et al., 1998) possess several advantages above other delivery systems such as 

ease of synthesis, multiple functionality, potential to load different cargo materials 

and biocompatibility (Sukhorukov et al., 2007b). Basic technique of layer by layer 

adsorption of oppositely charged polyelectrolytes for the fabrication of polyelectrolyte 

capsules came from Decher (Decher, 1997). In this technique a charged spherical core 

was used for consecutive assembly of oppositely charged polymer layers (Sukhorukov 

et al., 1998b). After dissolving the cores, hollow and stable capsules were obtained 

having significant potential to load different cargo materials inside their cavities or 

outside shell using different dyes, drugs, nanoparticles and biomolecules without 

disturbing the distinctive properties of these materials  (Sukhorukov et al., 1998a). 

The wall thickness of resulting hollow capsules varied from a few micrometer to 

several hundreds of nanometers and their diameters ranged from several micrometers 

to tens of nanometers (De_Koker et al., 2007; Skirtach et al., 2007). Strong 

electrostatic interactions between oppositely charged polymer layers resulted in self-

assembly of subsequent layers so the fabrication of capsules depended on the 

capability of adsorption of charged molecules on the surface of oppositely charged 

layer/ surface (Caruso and Möhwald, 1999b). However there are also other forces 

reported for making such assemblies such as hydrogen bonding (Stockton and 

Rubner, 1997), charge transfer (Shimazaki et al., 1997), covalent bonding (Brynda 

and Houska, 1996), biological recognition (Anzai et al., 1999) and hydrophobic 

interactions (Lojou and Bianco, 2004). These capsules consist of two portions i.e. 
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cores (templates for adsorption) and the shell (consisted of polyelectrolyte pairs). A 

schematic description of the fabrication of capsules by layer by layer assembly 

process is given in Figure 7.1.  

 

Figure 7.1. Schematic representation of capsule formation by layer by layer (LBL) assembly 

of polyelectrolytes. (i) Formation of core by reaction of sodium carbonate and calcium 

chloride, embedding cargo material inside the core. (ii) Electrostatic adsorption of negatively 

charged PSS on positively charged calcium carbonate cores. (iii) Adsorption of positively 

charged PAH on negatively charged template surface layer (PSS). (iv) Further layer by layer 

assembly of polyelectrolytes by alternate adsorption of oppositely charged layers. (v) 

Removal of template core by means of dissolution yielding hollow capsule containing free 

cargo inside the cavity.  

 Ideally a template material should remain stable during self-assembly process 

of shell  and soluble under mild conditions i.e. completely removable under mild 

conditions (Caruso et al., 1999a). Mostly polystyrene latex (Dejugnat et al., 2005; 

Pastoriza-Santos et al., 2001), melamine formaldehyde (Sukhorukov et al., 1998a), 

silicon oxide (Peyratout and Dähne, 2004), biological cells (Diaspro et al., 2002; 

Moya et al., 2003) and carbonate particles such as manganese carbonate, calcium 

carbonate and cadmium carbonate (Antipov et al., 2002; Sukhorukov et al., 2004; 

Volodkin et al., 2004) have been used as sacrificial templates. For dissolving them 

THF, HCl, HF, saline solution (e.g. sodium hypochlorite) and EDTA were used 

respectively. Every method is associated with its own merits and demerits. In the 
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present study all cores were made of calcium carbonate due to their porous 

architecture which allowed coprecipitation of cargo (De_Geest et al., 2006) thus 

avoiding post precipitation method (Sukhorukov, 2001) as was involved in other 

techniques of core formation described above. The easier dissolution of calcium 

carbonate core using EDTA was an added benefit. 

 The permeability/ porosity of the walls of capsules strongly depend on the 

molecular weight and chemical structure of the polyelectrolyte pairs used for 

fabricating them (Qiu et al., 2001). For the fabrication of microcapsules, mostly poly 

(allylamine hydrochloride) (PAH), poly (diallyldimethylammonium chloride) 

(PDADMAC), poly (ethyleneimine) (PEI) and polyvinylpyrrolidone (PVP) are used 

as polycations. Whereas poly (sodium 4-styrenesulphonate) (PSS), poly (acrylic acid) 

(PAA), poly (methacrylic acid) (PMA) and polyphosphoric acid are among the most 

commonly employed polyanions (Donath et al., 1998). For the fabrication of 

biodegradable walls, biological materials such as nucleic acids, proteins, 

polysaccharides and charged supramolecular biological assemblies like viruses and 

membrane fragments have been  used (Fischlechner et al., 2005). The polyelectrolytes 

used to prepare capsules in this study were PSS/PAH. This conferred long term 

stability to these capsules inside living cells due to their non-biodegradable nature 

(SNARF based capsules were checked as intralysosomal sensors). 

 Basically there are two main techniques involved in loading cargo inside the 

cavity of capsules i.e. co-precipitation or pre-loading and post loading or indirect 

loading (De_Geest et al., 2007a). In co-precipitation method, the molecules/ materials 

of interest can be loaded during synthesis of cores or the core particles can be 

incubated with the material of interest before the addition of wall materials 

(Sukhorukov et al., 2004). Post-loading is performed after the formation of whole 

capsules and dissolution of template cores. Here the molecules/ materials of interest 

can be loaded into the empty cavities of capsules by means of different 

physicochemical forces such as ionic strength (Ibarz et al., 2001), pH (Antipov et al., 

2002; Dejugnat et al., 2005; Itoh et al., 2008; Lvov et al., 2001; Mauser et al., 2004; 

Sukhorukov et al., 2001), temperature (Köhler and Sukhorukov, 2007) or by means of 

external stimuli like light, magnetic field or ultrasound (Lu et al., 2005). Another 

method of encapsulation of materials is entrapment based upon electrostatic 

interaction in which charged molecules stick to an oppositely charged matrix present 

inside the capsules (Khopade and Caruso, 2002; Tong et al., 2005; Zhu et al., 2005). 
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During this study, co-precipitation technique of loading the cargo inside the cores was 

used during the synthesis of calcium carbonate cores. RITC-dextran, BSA-FITC, 

FITC-dextran, FITC-dextran and Alexa-dextran, SBFI-dextran and Alexa-dextran and 

SNARF-dextran were co-precipitated during the formation of calcium carbonate 

cores.  

 The walls of layer by layer assembled polyelectrolyte capsules have the 

potential of incorporating multiple functionalities, e.g. quantum dots, magnetic and 

metallic nanoparticles could be incorporated inside the wall material (Rivera Gil et 

al., 2008). Luminescent semiconductor nanoparticles such as CdTe and CdSe 

quantum dots confer the capsules with the property of noninvasive detection (Gaponik 

et al., 2003; Rogach et al., 2000; Wang et al., 2002). These particles further have 

many advantages associated with them over organic fluorophores (Parak et al., 2003; 

Parak et al., 2005; Pellegrino et al., 2005); such as their ease of characterization 

(Bruchez et al., 1998; Han et al., 2001) and less photobleaching (Dahan et al., 2003; 

Gerion et al., 2001). However cytotoxicity problems associated with toxic Cd ions 

could not be negated (Derfus et al., 2004; Kirchner et al., 2005b). By incorporating 

magnetic nanoparticles such as Fe3O4 into the capsules shell, their movement can be 

controlled by applying external magnetic field gradient (Caruso et al., 2001; Gaponik 

et al., 2004; Zebli et al., 2005). Moreover permeability of the walls/ shell can be 

increased by heating nanoparticles by applying radio frequency fields (Mornet et al., 

2004; Noriyasu Kawai et al., 2005). Noble metal nanoparticles, particularly gold and 

silver, possess the potential to perturb the integrity/ permeability of polyelectrolyte 

capsules upon embedding in the walls of polyelectrolyte capsules and by applying 

external stimuli such as IR radiations (Angelatos et al., 2005; Skirtach et al., 2004; 

Skirtach et al., 2005) due to their energy absorbing properties and amplifying heat 

effect in the surrounding areas (Govorov and Richardson, 2007; Govorov et al., 

2006). Biocompatibility of the capsules could be increased by incorporating 

biological molecules into their walls either by means of electrostatic adsorption or 

covalent linkage (Caruso and Schüler, 2000). In the current work only RITC 

conjugated with PAH and CdSe quantum dots with negative surface functionality 

were used to label the walls of capsules.  

 As described above that multifunctional polyelectrolyte capsules have mainly 

two potential applications i.e. in drug/ gene delivery and as sensors (Meier, 2000; 

Rivera Gil et al., 2008). As a drug delivery vehicle, polymeric multilayered materials 
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formed via layer by layer assembly are promising candidates (Becker et al., 2010). 

During interaction between cells and capsules/ particles, the surface chemistry of 

these capsules/ particles plays an important role (Brandenberger et al., 2010; 

Sukhorukov and Mohwald, 2007a). As it is well known fact that cells uptake capsules 

up to several micro meters in size, so by modifying the surface of capsules it is 

possible to get a control on the uptake mechanisms (Zebli et al., 2005). Experimental 

evidences have proved that the capsules having a positive surface charge are ingested 

at a higher rate as compared to the capsules possessing negative surface functionality 

(Sukhorukov et al., 2007b). In order to avoid nonspecific adsorption of proteins on 

charged polyelectrolyte capsules (Ai et al., 2005), hence hindering their nonspecific 

uptake, the surface of capsules is usually modified with polyethylene glycol (PEG) 

(Khopade and Caruso, 2003), poly(2-methyloxazoline) (De_Geest et al., 2009), 

poly(L-lysine )-graft-PEG (PLL-g-PEG) (Heuberger et al., 2005) and lipids (Moya et 

al., 2000). Furthermore the attachment of specific ligand molecules on the surface of 

capsules enhanced their uptake by targeted cells (Heuberger et al., 2005). After 

entering such a vehicle (capsules containing cargo material), the first step is to set free 

this cargo at the site of action either by means of burst release or sustained release 

mechanisms. Among these release mechanisms, for the purpose of remote release of 

cargo by means of external stimuli, the most widely used methods use light 

(Angelatos et al., 2005; Bedard et al., 2008; Bedard et al., 2009; De_Geest et al., 

2007b; del_Mercato et al., 2010; Muñoz_Javier et al., 2009; Radt et al., 2004; 

Radziuk et al., 2007; Skirtach et al., 2004; Skirtach et al., 2005; Skirtach et al., 2006; 

Skirtach et al., 2008; Tao et al., 2004), ultrasound (De_Geest et al., 2007c; Shchukin 

et al., 2006; Skirtach et al., 2007), hydrolysis (De Geest et al., 2007; De_Geest et al., 

2005) and magnetism as external stimuli (Hu et al., 2008; Lu et al., 2005). Some other 

external stimuli such as ionic strength, pH and temperature also help in release of 

cargo during in vitro experiments by creating tiny pores inside the walls of capsules 

but these methods possess certain limitations for drug release in vivo. Enzymatic 

degradation of the walls of capsules help in sustained release of cargo from them such 

as capsules made of chitosan and dextran sulphate can be enzymatically degraded due 

to the presence of chitosanase, which rupture chitosan part of the wall material (Itoh 

et al., 2006). In another attempt enzyme such as pronase was co-precipitated while 

fabricating core material. After the dissolution of the core, the enzyme was set free 

inside the capsule cavity to show its slow effect on capsules walls e.g. it has a 
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potential of sustained release of co-encapsulated DNA within living systems 

(Borodina et al., 2007). For in vivo studies, capsules made of biodegradable material 

could only be used (De_Geest et al., 2006). 

 Second major application of the polyelectrolyte multilayered capsules lies in 

sensing field (Brown and McShane, 2003; Sukhorukov et al., 2007b). The capsules in 

the present work were constructed with the same purpose of sensing analytes of 

interest and were mostly found to have good sensing applications. Due to the 

availability of diverse methods for encapsulation and ease of functionalization, such 

sensor based system serves as an interesting candidate in biomedical field (De_Geest 

et al., 2009; Rivera Gil et al., 2008). Due to the ability of converting the information 

of chemical concentration into optical signals, sensing based upon optical 

measurements is very attractive. Fluorescent indicators possess spectral properties 

sensitive to the analyte of interest (Lakowicz and Masters, 2008). For sensing various 

analytes such as Ca
2+

, Mg
2+

, Cl
-
, H

+
, Na

+
 and O2, a vast majority of indicators are 

available commercially (Mc_Shane et al., 2002), which can be incorporated into 

polymeric capsules (Kreft et al., 2007). Size dependent permeability confers these 

capsules the property of retaining high molecular weight analyte sensitive 

fluorophores inside their cavity while allowing low molecular weight analyte 

molecules to diffuse inside. In this context in the current study pH and Na
+ 

sensitive 

fluorophores (FITC, SNARF and SBFI) were incorporated inside the capsules cores 

after conjugating with dextran. The intensity of green fluorescence of FITC and SBFI 

is directly proportional to the pH and Na
+
 concentration. Whereas SNARF-1 is a 

ratiometric dye and fluoresces red in alkaline medium and yellow/ green in acidic 

environment (Kreft et al., 2007). A high throughput quantification of cellular uptake 

is also possible by means of SNARF based pH sensitive capsules (Reibetanz et al., 

2006; Semmling et al., 2008). A number of advantages are associated by 

incorporating analyte sensitive fluorophores inside capsules cavities such as long term 

measurements, protection of fluorophores against enzymatic degradation due to non-

degradable wall material (PSS/PAH), protection of cells from toxic free fluorophores, 

enhanced sensitivity and multiplexed measurements (Rivera Gil et al., 2008).  

 Miniaturized devices, which upon injection into human body serve for 

diagnosis and treatment of diseases, seem science fiction currently because it is 

difficult to control the direction of smart materials (nano- and micro-scale 

dimensions) inside living system (J.  Peteiro-Cartelle et al., 2009). For diagnostic 
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purpose, it is necessary for an observed object to reside non-invasively inside living 

system with an additional quality of continuously reporting data to outside about its 

local environment. In the present work, application of SNARF based capsules as 

sensor for long term real time monitoring of proton concentrations inside living cells 

was demonstrated. These capsules served as prototype device to fulfill this purpose 

with some minor limitations associated with them. pH served here as basic parameter 

to be measured, as in biological processes protons are mainly involved and any 

irregularity in their concentrations may lead to disease-like symptoms (Darbha et al., 

2007; Lang, 2007; Mall et al., 1996; Matsui et al., 1998; Stutts et al., 1995). Due to 

semi-permeable nature of their wall material (PSS/PAH)5, SNARF based pH sensor 

capsules have the property of selectively retaining large molecular sized fluorophores 

inside while allowing small proton like ions to pass in (Adalsteinsson et al., 2004; 

Decher, 1997; Donath et al., 1998; Dong et al., 2005; Halozan et al., 2009; 

Sukhorukov et al., 1999; Sukhorukov et al., 1998a; Sukhorukov et al., 1998b). 

SNARF based capsules served as sensor to detect the changes in pH by means of their 

fluorescence signals. This is because they emit  in green/ yellow region under acidic 

environment and in the red region under alkaline conditions (Kreft et al., 2007; 

Reibetanz et al., 2007) when exited at 540 nm. Upon spontaneous incorporation by 

living cells (Muñoz_Javier et al., 2008; Reibetanz et al., 2010; Rivera_Gil et al., 

2009; Sukhorukov et al., 2005), these capsules were detected to be finally localized 

inside the lysosomes (De Koker et al., 2009; Reibetanz et al., 2007). By using 

SNARF capsules as probes it was thus possible to note transition from alkaline cell 

medium (pH 7.8) to acidic cellular compartments i.e. lysosomes (pH 4 
_ 

5) by simply 

reading the changes in the fluorescence of capsules (SNARF has a pKa value of 7.5, 

above this value in its deprotonated form it fluoresces red whereas below this pH as it 

begins to protonate, it fluoresces in green/ yellow) (Kreft et al., 2007; Semmling et 

al., 2008). If our probe can be located inside the cytoplasm then it may serve as 

intracellular sensor in true sense. Similar ideas are being evaluated but none of them 

is proved experimentally (Rivera Gil et al., 2008). But localization of SNARF 

capsules inside lysosomes (cellular compartments) is advantageous in itself due to 

their defined location, retention in lysosomes over longer periods of time and transfer 

to daughter cells upon cell division (Muñoz_Javier et al., 2006) with no acute 

cytotoxicity associated with them (De_Koker et al., 2007; Kinnane et al., 2009; 

Kirchner et al., 2005a; Kolbe et al., 2011). So SNARF based capsules can serve as 
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probes/ reporters while staying inside the lysosomes over longer periods of time and 

reporting the local proton concentration (analyte of interest) to outside in the form of 

fluorescence signals.  

 There are also other intracellular fluorescent probes available (Bahshi et al., 

2009; Burns et al., 2006; Xu et al., 2001), but they allowed mostly for static 

measurements instead of dynamic (only single measurement is possible). On the other 

hand SNARF based capsule system has the potential to continuously report local 

proton concentration (analyte of interest). Microscopic size of these capsules i.e. 2
_
2.5 

µm facilitates to observe them under light/ fluorescence microscope. In the presence 

of specific analyte, mostly analyte sensitive fluorophores change their fluorescence 

intensity at some particular/ fixed wavelength (Whitaker et al., 1991), hence allowing 

for the measurement of absolute fluorescence intensity in which fluorescence intensity 

is directly proportional to the concentration of probe (sensors). But this method is 

error prone mainly due to random uptake of sensors by living cells (unequal 

distribution in different cells) and their dilution upon cell division (capsules are 

passed to daughter cells upon cellular division) resulting in varying absolute 

fluorescence measurements. Thus there are various complications associated with 

absolute fluorescence intensity measurements e.g. variation in reporter intensity with 

the passage of time and continuous detection of analyte concentration in each cell. 

This problem can be partially resolved by creating big sized reporter system and by 

counting carefully the number of reporters inside each cell. Absolute fluorescence 

intensity measurements also carry the problem of photobleaching. This 

photobleaching effect however can partially be avoided by ratiometric fluorescence 

intensity measurements.  Basically in ratiometric fluorescence intensity measurements 

one fluorophore (analyte sensitive) serves as fluorescent indicator whose fluorescence 

intensity at some fixed wavelength is compared with another fluorophore (reference 

fluorophore) at some other wavelength. Due to the bigger size of polyelectrolyte 

capsules (having cavities in some micrometer in size), it is possible to incorporate 

different fluorophores inside the cavities which facilitate for relative and ratiometric 

measurements instead of absolute fluorescence intensity measurements (del_Mercato 

et al., 2011). 

 In the current study, pH sensitive fluorophore i.e. SNARF was used as long 

term intracellular reporter. The method of conjugation of high molecular weight 

dextran with SNARF to retain it within the cavity of capsules, formation of cores by 
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coprecipitation method, formation of shell architecture (PSS/PAH)5 and dissolution of 

cores by EDTA is given in materials and methods (section # 7.3). SNARF conferred 

these capsules with the property of giving green/ yellow fluorescence at 580 nm and 

red fluorescence at 640 nm i.e. in acidic and alkaline media respectively. Same 

property of SNARF based capsules was exploited first to locate their position inside 

lysosomes (in acidic media fluoresces green/ yellow) and outside capsules (in basic 

media fluoresces in red) and then used them as intracellular reporters for real time 

monitoring the effects of some drugs on the pH of lysosomes. Thus in tern kinetics of 

these drugs was studied by using SNARF based sensor system. Here internalized 

capsules served as reporters whereas outside capsules were used as reference.  

 The drugs used, such as Bafilomycin A1, Chloroquine, Monensin and 

Amiloride, were related to change the pH value of lysosomes. Bafilomycin A1 is 

known to inhibit the activity of vacuolar ATPase (V-type ATPase), which is a proton 

pump (Drose and Altendorf, 1997; Wu et al., 2009; Yoshimori et al., 1991). This 

proton pump (V-ATPase) is basically present in cellular membranes ranging from 

plasma membrane to intracellular membranes (Tapper and Sundler, 1995). This V-

ATPase is involved in the hydrolysis of ATP as a result of which a proton gradient is 

established which is responsible for the acidification of intracellular compartments. 

When Bafilomycin A1 was used as a testing reagent an increase in pH inside the 

lysosome was observed due to inhibition of the effect of this V-ATPase. Chloroquine 

as a weak base have a tendency to accumulate inside the lysosomes hence involved in 

neutralization of its pH (Seglen et al., 1979). Chloroquine exists in 2 forms; in its 

deprotonated form it has the ability to cross/ pass cellular membranes but when it 

reaches inside the lysosomes upon lowering of surrounding pH it became protonated; 

in this 2
nd

 form i.e. protonated form it loses the ability to cross cellular membranes 

hence it remained entrapped inside the lysosomes. That is why it is lysomotropic in 

real sense due to its accumulation inside lysosomes. As a result of its accumulation, 

pH inside the lysosomes remained high (Solomon and Lee, 2009). Monensin is an 

antiporter and is an exogenous sodium/ proton exchanging ionophore (Mollenhauer et 

al., 1990). It results in alkalinisation due to disruption of intracellular sodium and 

hydrogen ion (proton) gradient. In this process intracellular H
+
 are exchanged by 

extracellular Na
+
,
 
subsequently intracellular concentration of H

+ 
is

  
decreased hence 

pH is increased. Amiloride inhibits the Na
+
/H

+
 exchanger. Sodium-proton exchanger 

serves to catalyze the electroneutral exchange of Na
+ 

for H
+ 

and is
 
located in cell 



Synthesis of Polyelectrolyte Multilayered Capsules and Use of SNARF Capsules as Sensor Inside Living Cells 

191 
 

membrane. For regulating the pH within the organelles involved in endocytic pathway 

such as lysosome and within the cytoplasm different isoforms of sodium-proton 

exchanger take part (Ohgaki et al., 2010). Sodium-proton exchangers bring sodium 

ions within the cells by excluding protons. Upon the addition of Amiloride, the effect 

of sodium-proton exchangers is reverted which leads to increased pH values within 

the cells. But as these sodium-proton exchangers sensitive to Amiloride are present 

only in apical membrane of epithelial cells (Palmer, 1987) and are not located in 

lysosomal membrane (Rossier and Stltts, 2009), Amiloride did not show any 

detectable effect in intralysosomal pH values. The doses of these reagents given to the 

cells were far below their LD50 value as determined by cytotoxicity experiments. 

Moreover control experiments were carried out in parallel in which no reagent was 

added and rest experimental conditions were the same to visualize actual effect of 

these reagents.     

7.2 Objectives 

The study performed here basically has following major objectives 

1- Synthesis of different types of polyelectrolyte multilayered capsules. 

2- Use of SNARF-dextran (pH sensitive ratiometric) capsules as sensor inside 

living cells. 

3- Long term study of the kinetics of different lysomotropic substances inside 

living cells by using SNARF-dextran capsules as indicator. 

7.3 Materials and Methods 

7.3.1 Materials 

 Rhodamine B isothiocyanate was obtained from Sigma-Aldrich. PAH 

conjugated to Rhodamine B isothiocyanate (PAH-RITC), poly(sodium 4-

styrenesulfonate) (PSS) with molecular weight of 70 kDa and poly-(allylamine 

hydrochloride) (PAH) with molecular weight of 56 kDa were purchased from Aldrich. 

FITC (fluorescein 5(6)-isothiocyanate) was from Fluka. 5-(and-6)-carboxy SNARF-1 

(seminaphthorhodafluor-1), SBFI (sodium-binding benzofuran isophthalate) 

tetraammonium salt, amino-dextran (AM-dextran) with molecular weight 500 kDa, 

Alexa Flour 594 (AF-594) containing the active ester N-hydroxysuccinimide (NHS) 

and agarose gel were from Invitrogen. EDC (N-(3-Dimethylaminopropyl)-N’-
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ethylcarbodiimide hydrochloride), BSA-FITC (bovine serum albumin conjugated with 

fluorescein 5(6)-isothiocyanate), ethylenediaminetetraacetic acid calcium disodium 

salt (EDTA disodium salt), sodium carbonate, calcium chloride, dimethyl sulfoxide 

(DMSO), tris-Borate-EDTA buffer (TBA , 0.5M), MES-Na buffer (0.05 M at pH 6; 2-

(N-Morpholino)ethanesulfonic acid) and sodium chloride were  from  Sigma. 

Cadmium selenide quantum dots (red quantum dots) were from Evident Technologies 

and were negatively charged due to the coating of a polymer formed by the reaction 

of dodecylamine and poly(isobutylene-alt-maleic anhydride) containing negatively 

charged carboxyl groups in aqueous media. Commercial standard pH buffers from pH 

2
_
12 were from Fluka and Sigma. Acetone was from Roth. Amicon Ultra centrifugal 

filters having molecular weight cut off 30 kDa and Dialysis tubes with molecular 

weight cut-off 50 kDa were from Millipore. Ultra pure water with specific resistance 

of 18 MΩ.cm from Millipore was used throughout the experiments.  

 Amiloride, Bafilomycin A1, Chloroquine, Monensin, minimum essential 

medium Eagle, dimethyl sulfoxide (DMSO), insulin and resazurin based toxicology kit 

TOX-8 were from Sigma-Aldrich. MCF-7 breast cancer cells were from ATCC. 

Ethanol was from Roth. Fetal bovine serum, neomycin-bacitracin and phosphate 

buffered saline (PBS) without magnesium and calcium ions were from Biochrom. L-

glutamine and trypsin-EDTA 0.05% solution were from GIBCO. Neubauer improved 

counting chamber (haemocytometer) was from Marienfeld (for counting cells). Cell 

culture flasks 25 cm
2
,
 
Centrifuge tubes and serological pipettes were from Sarstedt. 

Cell culture flasks 75 cm
2
 and 150 cm

2
 were from TPP. Pasteur pipettes were from 

Roth. 8-well micro slides were from ibidi. 

7.3.2 Characterization of Nanomaterials 

 Gel electrophoresis apparatus GNA-100 for purification of conjugated dyes 

was used and was from Amersham Biosciences. pH meter by Sartorius with ATC 

combination electrode was used for determining/ maintaining the pH whenever 

required. Agilent 8453 UV-visible Spectroscopy system was used for measurement of 

absorption maximum and concentration of dyes. Cells were maintained in CB 150 

incubator from Binder. Fluorescence spectrometer Fluorolog® spectrofluorometer 

(FL3-122) by HORIBA Jobin Yvon was used for taking fluorescence spectra. For 

plate reading, Micromax 384 Microwell-plate Reader compatible with Fluorolog
®
 was 

used.  KOJAIR KR-200 safety cabinet from KOJAIR was used for culturing the cells. 
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Axiovert 40C inverted light microscope from Zeiss was used for observing cells 

during splitting and for counting cells and capsules. Axiovert 200M Fluorescence 

microscope from Zeiss was used for taking fluorescence images of capsules and 

capsules inside the cells. Its tripod was equipped with a mercury arc lamp N HBO 103 

and a CCD camera Axiocham HRc. Software used was Axiovision 4.8. To control the 

temperature and carbon dioxide supply to living cells, an incubator XL was installed 

with a CO2 controller, a humidity module and a temperature controller TempControl 

37-2 digital. 100x/1.30 OIL Plan Neofluar and 63x/1.40 OIL DIC ∞ / 0.17 oil 

immersion objectives were used for observing capsules and for cellular studies 

respectively. Filter sets were from AHFanalysentechnik. For SNARF incorporated 

inside capsules the excitation filter was a D515/30, the emission filters for 580 nm 

and 640 nm were D580/25 and D640/25 respectively. Beam splitter used was 535 

DCLP. For FITC and FITC-Alexa flour containing capsules, excitation filter was 

D480 30x and emission filters were D535 40m and 600LP.  For SBFI and Alexa flour 

containing capsules excitation filter was D340-26 and emission filter was 600LP. 

CLSM 5 PASCAL Confocal laser scanning microscope from Carl Zeiss was used for 

imaging fluorescent capsules. Samples were observed through a 100X/1.45 NA oil-

immersion PLAN-FLUOR objective. For observing the green fluorescent dyes such as 

FITC and BSA-FITC Ar/Kr laser with excitation at 488 nm was used. Red fluorescent 

dyes such as RITC, PAH-RITC and for red quantum dots HeNe laser with excitation 

at 543 nm was used. Immersion oil used was Immersol
TM

 518F during both 

fluorescence and confocal microscopy imaging. TEM analyses were performed by 

using a JEM 3010 high resolution electron microscope (JEOL Ltd., Tokyo, Japan) 

operating at 300 kV. For image acquisition a 2 k x 2 k slow scan CCD camera (Mega 

Scan 794, Gatan Inc., Pleasanton, CA, USA) was used along with the Digital 

Micrograph software. All samples were prepared by depositing a drop of solution 

containing the capsules on 300 mesh copper grids covered with a thin carbon 

supporting film and waited until the solvent was evaporated. Scanning electron 

microscopy (SEM) of capsules was carried out using a field emission scanning 

electron microscope (JEOL, JSM-7500F). 

 

 

http://en.wikipedia.org/wiki/Lemniscate
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7.3.3 Methodology 

7.3.3.1 Conjugation of dyes with amino dextran 

 FITC and RITC containing isothiocyanate groups were directly coupled with 

amino dextran without any coupling agent. SBFI and SNARF, which contain carboxyl 

terminal groups, were coupled with amino dextran by using EDC as coupling agent. 

7.3.3.1.1 Conjugation of RITC with amino dextran 

 RITC containing an isothiocyanate group was directly coupled with AM-

dextran by forming a stable thiourea bond. For coupling, a molar ratio of 25:1 dye to 

dextran was used. For this purpose, 2 mg of AM-dextran was dissolved in 1 mL of 

sodium borate buffer (0.05M at pH 9). 50 µL of 10 mM RITC dissolved in DMSO 

was added to AM-dextran solution. The reaction mixture was kept under dark at room 

temperature and constant agitation for at least 2 hours before purification. 

7.3.3.1.2 Conjugation of FITC with amino dextran 

 FITC containing an isothiocyanate group was directly coupled with AM-

dextran by forming a stable thiourea bond. For coupling, a molar ratio of 12:1 dye to 

dextran was used. 50 mg of AM-dextran was dissolved in 5 mL of sodium borate 

buffer (0.05M at pH 9). 100 µL of 12 mM FITC dissolved in DMSO was added to 

AM-dextran solution. The reaction mixture was kept under dark at room temperature 

under constant agitation for at least 2 hours before purification. 

7.3.3.1.3 Conjugation of SBFI with amino dextran 

 SBFI was conjugated to AM-dextran (500 kDa) by using a molar ratio of 25 

dye molecules to 1 dextran molecule. For this purpose, 40 mg of AM-dextran was 

dissolved in 8 mL of MES-Na buffer (0.05 M at pH 6; 2-(N-Morpholino) 

ethanesulfonic acid). 1 mL of 2 mM SBFI in water was added to the solution of AM-

dextran. To this reaction mixture, 800 µL of 1M EDC in MES-Na buffer (0.05 M at 

pH 6) was added so that final molar ratio of 10000:1 of EDC: dextran could be 

achieved. Final reaction mixture was kept under dark at room temperature and 

constant agitation for at least 2 hours before purification.   
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7.3.3.1.4 Conjugation of SNARF with amino dextran 

 SNARF was conjugated to AM-dextran (500 kDa) in a molar ratio of 35:1 dye 

to polymer. For this purpose 30 mg of AM-dextran was dissolved in 6 mL of MES-Na 

buffer (0.05 M at pH 6). 1.05 mL of 2 mM SNARF dye dissolved in DMSO was 

added to the solution of AM-dextran. At the end 600 µL of 1 M EDC in MES-Na 

buffer (0.05 M at pH 6) was added to the above reaction mixture to obtain a molar 

ratio of 10000:1, EDC to dextran. The whole reaction contents were incubated for 2 

hours at room temperature under agitation in dark place. 

7.3.3.2 Purification of conjugated dyes and estimation of their concentration 

 For purification, all mixtures were extensively washed with water to remove 

unreacted chemicals. First the dyes were concentrated by using ultracentrifuge filters 

having molecular weight cut-off 30 kDa, when excess of unreacted dye was removed; 

concentrated dyes conjugated with dextran were run on 1 % agarose gel for 1 hour. 

Amino-dextran containing conjugated dyes moved towards cathode while free dyes 

moved towards anode. The pieces of gel containing conjugated dyes were cut and 

were put in dialysis tubing which was further kept inside gel electrophoresis 

apparatus. Conjugated dyes diffused out of gel inside dialysis tubing and were further 

purified by using ultracentrifuge filters and washing with water until there came no 

unreacted dye outside the filters (confirmed by UV-visible absorption analysis of each 

dye). Subsequently the concentration of conjugated dyes was determined by using 

UV-visible absorption spectrometer and applying Lambert-Beer’s Law. Finally the 

conjugated dyes were stored at -20 
o
C under dark and used whenever required. 

7.3.3.3 Synthesis of multilayered and multifunctional polyelectrolyte capsules 

 Generally 615 µL of 0.33 M sodium carbonate solution was mixed with 770 

µL of solution of dyes (RITC, BSA-FITC, FITC, FITC and Alexa (separately 

conjugated with dextran), SBFI and Alexa (separately conjugated with dextran) and 

SNARF) conjugated with dextran having 50 µM concentration of desired dye in 770 

µL of dye-dextran solution while on constant stirring at 1000 rpm. 615 µL of 0.33 M 

calcium chloride solution was added into it while on constant stirring at 1000 rpm. 

After 30 seconds of stirring the whole suspension containing calcium carbonate was 

left to settle for 2
_
3 minutes at room temperature. Centrifuged the reaction contents at 
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6000 rpm for 1.5 seconds, removed the supernatant and the CaCO3 crystals were 

washed 3 times with 1 mL of water and 4
th

 time with 1 mL of acetone. Finally the 

CaCO3 powder was dried in a desiccator for 10 
_ 

15 minutes under vacuum. The 

resulting crystals were 2
_
3 µm but they can be made bigger if their synthesis was 

performed in ice and smaller if they were synthesized at 25 
_ 

30 
o
C.   

 The CaCO3 crystals were re-suspended in 1 mL of 1
st
 polyelectrolyte solution 

(here PSS, an anionic polyelectrolyte having opposite charge of CaCO3 crystals and 

its solution was prepared by dissolving 2 mg/mL of PSS in 0.5 M NaCl solution and 

adjusting its pH to 6.5). The whole suspension was kept in a sonication bath for 2 

minutes and for 10 minutes for shaking at 200 rpm and were shook from time to time 

to avoid non-uniform attachment of polymer on the cores. This suspension was then 

centrifuged at 6000 rpm for 1.5 seconds and supernatant was removed from the pellet. 

The PSS coated core suspension was washed thrice with water to remove any 

unreacted/excess polymer. The pellet of PSS coated CaCO3 was resuspended in 1 mL 

of next cationic polyelectrolyte having opposite charge to PSS. PAH was used as a 

cationic polyelectrolyte and its solution was prepared by dissolving 2 mg/mL of PAH 

in 0.5 M NaCl solution and adjusting its pH to 6.5. Other incubation conditions to 

develop a second layer of PAH were the same as those for PSS layer. Similar 

approach of layer by layer assembly of opposite charged polyelectrolytes was 

continued until 5 bi-layers of these polyelectrolytes around the cores were achieved. 

In order to label the shell of capsules such as in the case of PAH-RITC and Red 

quantum dots labeled capsules, after 3 bilayers one bilayer of PSS/PAH-RITC and 

quantum dots/PSS/PAH was coated respectively. Here PAH-RITC was used as 

obtained commercially whereas the surface of quantum dots was made negatively 

charged by using carboxylic terminal polymer (from laboratory synthesis these 

carboxylic terminal quantum dots were used, and were negatively charged due to the 

coating of a polymer formed by the reaction of dodecylamine and poly(isobutylene-

alt-maleic anhydride) containing negatively charged carboxyl groups in aqueous 

media). After this 4
th

 bilayer the final bilayer of PSS/PAH was developed as usual. 

 At the end to set free the cargo inside the capsules cores; CaCO3 cores were 

dissolved by incubating for 2 minutes with 1 mL of 0.2 M EDTA (pH 5.5) and then 

washed with 1 mL of 0.2 M EDTA (pH 7.0) and 3 times with 1 mL of distilled water. 

As the hollow capsules can not withstand centrifugation shock the speed of 
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centrifugation for dissolving of cores was maintained at 1100 rpm for 7 minutes to 

avoid their aggregation and breakage.  

 These capsules after core removal were stored at 4 
o
C for further 

characterization (fluorescence spectra of ion sensitive fluorophores based capsules, 

fluorescence and confocal laser scanning microscope images of the capsules were 

taken, getting them analyzed by TEM and SEM) and SNARF loaded capsules were 

used as sensor for long term cellular studies.  

7.3.3.4 Determination of calibration curves of different batches of SNARF based 

capsules  

 Before starting cellular experiments, calibration curves were drawn to verify 

pH sensitivity of SNARF capsules. Commercial buffers ranging in pH 3 - 10 were 

used for immersing SNARF capsules. After 30 minutes, fluorescence microscope 

images of capsules at each pH were taken. At each pH value at least for 25 - 30 

capsules, the IR/IG ratio of the fluorescence of the capsules in red (excitation: 515 

nm; emission 640 nm) to the fluorescence of capsules in green/ yellow (excitation: 

515 nm; emission 580 nm) was determined for each capsule. And normalized mean 

values along standard deviation were plotted against pH values. At higher pH values 

(more than 11 or 12), capsules collapse due to swelling so these values were not used 

for making calibration curves. The curves were fitted with Boltzmann sigmoidal 

function to determine their point of inflection i.e. the point/ pH where the dye changes 

its colour from red to green and vice versa.  

7.3.3.5 Use of SNARF based capsules as intracellular sensors 

7.3.3.5.1 Cell culture procedures and microscopic imaging 

 MCF-7 breast cancer cells were cultured in Dulbecco’s modified Eagle 

medium supplemented with 10% fetal bovine serum, 1% L-glutamine, 0.1% insulin 

and 5% neomycin-bacitracin at pH 7.8. The cells were maintained in an incubator 

with 5% CO2 supply at 37 
o
C.  

 For conducting experiments with SNARF capsules as indicator using different 

lysomotropic test substances, the cells were seeded in 8 well plates (ibidi micro 

plates) at a density of 25000 cells/ cm
2 

(cells were counted with a Neubauer improved 

counting chamber (haemocytometer) while splitting). After 18 
_ 

20 hours, when the 
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cells were attached completely to the bottom of plates, their medium was changed just 

before the experiments and SNARF (PSS/PAH)5 based capsules were added to the 

cells at a concentration of 20 capsules per cell (capsules were counted with a 

Neubauer improved counting chamber to determine their concentration).  Immediately 

after the addition of capsules the cells were taken to a fluorescence microscope with 

an incubation chamber supplemented with temperature and CO2 controller (details of 

measuring conditions using microscope are given in characterization and equipments 

used). Software used was Axiovision 4.8. Beside this 2 additional software packages 

from Zeiss were used i.e. time lapse and mark and find. With the help of time lapse 

package it was possible to image the cells over long periods of time at defined time 

intervals (usually used for overnight imaging). Mark and find made it easier to save 

positions so that same positions (containing same cells and capsules) could be 

observed throughout the experiment. The excitation wavelength for observing 

SNARF capsules was 515 nm and their emission for green and red fluorescence was 

observed at 580 nm and 640 nm respectively. The cells were observed at a regular 

time interval of 4 hours (i.e. images in transmission, green and red fluorescence were 

taken). For a single experiment, 30
_
35 positions were saved by using mark and find. 

After at least 20 hours of incubation with SNARF capsules when it was sure that all 

internalized capsules are inside lysosomes old cellular medium was changed with 

fresh medium and one of the scrutinized lysomotropic reagent was added 

(Bafilomycin A1, 600 nM; Chloroquine, 100 µM; Monensin, 20 µM and Amiloride, 3 

mM). The dose of these tested reagents was far below their LD50 value (i.e. lethal 

dose for 50% of the cells under given experimental conditions; details of the test are 

given in cytotoxicity determination). During incubation with tested reagents, the cells 

were observed and images were taken after a regular interval of 1 hour for monitoring 

the changes in intralysosomal pH values using SNARF capsules as indicator. After 4 

hours of incubation with tested substances, the media containing the substances was 

removed while keeping the cells under the microscope. After rinsing the cells with 

PBS, fresh media (pre warmed at 37 
o
C) was added to the cells. After removing the 

tested substances, the cells were again observed at a regular interval of 4 hours till the 

end of experiments. Whole duration for one experiment lasted from 46 to 52 hours 

depending upon the experiment. Control experiments were also performed in the 

similar manner and under same conditions as described above, only difference was 

that here no reagent was added and imaging was performed after regular intervals of 4 
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hours, to verify that the effect observed in the pH value was due to tested substances. 

All experiments were performed at least in duplicate.  

7.3.3.5.2 Image processing and data evaluation 

 Following points were considered while selecting fluorescence microscope 

images and for evaluation of the selected images. 

7.3.3.5.2.1 Selection of images 

 Those positions were selected for evaluation which contained sufficient 

number of capsules inside (for evaluation) as well as outside (for comparison). The 

most important criterion for selection was that all capsules and cells should remain 

constant throughout the evaluation process from the beginning to the end (i.e. the 

capsules or cells which appeared afterwards at some time point were not chosen). 

Also selected images should contain enough outside capsules (for comparison which 

remained constant throughout the experiment). 5 or 6 positions were selected from 

each experimental data which contained more than 70 cells, more than 25 outside 

capsules and more than 40 inside capsules. To avoid any artifact due to the 

appearance of outside capsules afterwards opened all images from the same position 

one by one and selected those cells and capsules (inside as well as outside) for 

evaluation which remained constant throughout the experiments. Cells were 

enumerated so that during evaluation same numbered cells could be identified from 

one point of time to the next.  

7.3.3.5.2.2 Changing the format of images 

 All images obtained from fluorescence microscope were in *.zvi format of 

Zeiss. For evaluation purpose it was necessary to convert them in some format in 

which all channels of fluorescence images could be seen (as during evaluation red, 

green and transmission channel should be present separately along with their overlay). 

So the images were exported from *.zvi format of Zeiss to *.jpeg format using 

Axiovision 4.8 software.  

7.3.3.5.2.3 Image processing and data evaluation 

 After selection of positions and changing the format of images, all images 

were evaluated with free software image J, developed by Wayne Rasband at National 
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Institutes of Health (USA), which is a public domain open source image processing 

program based on Java. Here image J was used to measure the pixel intensity of the 

pixels inside the cores of capsules for both (red and green) fluorescence microscope 

images. For ratiometric measurements the capsules which were outside the cells were 

used as reference and the capsules engulfed by the cells measured the pH profile 

inside the lysosomes. For every point of time intensity of red and green fluorescence 

was measured to build an R/G ratio at the end. With the help of this R/G ratio the 

kinetics of the lysomotropic substances was studied in a long term manner. 

 For image evaluation, images at one position at every point of time were 

opened and after enumeration of cells which stayed constant throughout evaluation, 

the capsules (inside as well as outside) were selected which were present throughout 

the experiment. With the help of image J program all channels (red, green and their 

overlay) were opened at one position at a definite time (starting with time 0 hour). 

The overlay served very important task of discriminating between inside and outside 

capsules. As the capsules which were clearly outside were red whereas the inside 

capsules were yellow/green in colour. The capsules which were either going inside or 

were staying at the borders of the cells were orange in colour and were not considered 

during evaluation. Fluorescence channels served to measure the pixel intensity of the 

coloured images in a so called region of interest (a region usually micrometer in size 

where the pixel intensity of either colour red or yellow/ green was maximum) inside 

the capsules and this ROI (region of interest) was saved in the ROI editor of image J. 

ROI can be marked around each capsule (inside as well as outside) manually one by 

one or a macro can be created in the program which can accelerate the evaluation 

process by encircling all capsules in a single channel of image at once hence saving 

time and avoiding personal bias. During this study, most of the time all ROIs were 

selected by running a macro to save the time and to avoid personal bias. For avoiding 

the limitations associated with running a macro (in some cases the dye may get 

accumulated around the shell and interior of the capsule was without intense colour 

resulting in a small average pixel value) all ROIs were carefully selected which were 

around either inside or outside capsules but they should not contain both inside and 

outside capsules in a single ROI or some aggregated capsules. In case of some 

aggregated capsules, they were not counted while evaluation as they were prone to 

create artifacts in the whole evaluation. The capsules which appeared afterwards and 

were not present since beginning of the evaluation were not considered while 
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evaluation as they were less photobleached and can produce a high average value of 

pixels. Similarly the capsules which were directly aside the cell membrane and a ROI 

was built around a big area covering both inside and a nearby outside capsule were 

managed by marking ROI manually around those capsules. The capsules where there 

were colourless pixels in the core and shell was concentrated with dye most of the 

time they were avoided while counting or in some cases managed by manually 

marking ROIs around them. After encircling all ROIs either by running macro or 

manual marking, they were measured simultaneously by pressing the command 

measure in the ROI manager/ editor of image J. As a result of this command all 

results appeared in a tabulated form showing serial number of ROIs, label of the 

picture, area (in this case showing pixel intensity), mean value, minimum and 

maximum intensity of each region of interest.   

 The data obtained from the result bar of image J was transferred to Microsoft 

Excel sheet and same measurement procedure was applied on the other fluorescence 

channel of the same image by using same list of ROIs.  

 One very important point to be considered during all evaluation was 

background correction which was applied on all images. After marking ROIs around 

all capsules in individual channels their overlay was opened to see the ROIs, before 

going to press measure to obtain results of measurements. For background correction, 

ROIs were drawn throughout the whole images for inside the cells where no capsules 

were present (to avoid auto fluorescence of cells in some cases) as well as for outside 

the cells where no capsules were present (to avoid different background intensity due 

to old lamp or to minimize the error which may arise due to adjustment of the lamp), 

thus minimizing the errors due to different background pixel intensity in different 

images. Background subtraction can be done with image J as it has possibility to 

automatically subtract background but this method of subtracting background is error 

prone due to different background for internalized and outside capsules. That is why 

selection of background throughout the images from different places was done 

manually. An average value of background pixel intensity was taken for both inside as 

well as outside capsules in a single image at some position at definite point of time. 

Same procedure of obtaining background pixel intensity was applied on every 

selected position at every point of time. At the end for obtaining exact pixel intensity 

of the capsules inside as well as outside the cells their corresponding background 

pixel intensity was subtracted out of the main pixel intensity obtained from the results. 
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After obtaining correct values of pixel intensity of both inside as well as outside 

capsules an R/G ratio was established for all capsules. Same procedure was adopted to 

get exact pixel intensity of capsules and plotting of their R/G ratio at every point of 

time and for all selected positions and their standard deviation was calculated. For 

getting a final R/G curve/ plot of all positions, pixel intensities of all internalized 

capsules at a single point of time were averaged and their standard deviation was 

calculated and same methodology was applied on all outside capsules. Finally all 

average data (average of pixel intensities with corresponding standard deviation), was 

plotted against time by using the Origin software. As the method of measurement of 

pixel intensities was ratiometric and was not absolute so the errors associated with 

absolute measurements were avoided (if there was less dye in the core and more in the 

shell then on both channels their intensity value was comparable and the ratio R/G  

was comparable with other values).  

7.3.3.5.3 Cytotoxicity measurements 

 Cytotoxicity measurements were performed on the basis of metabolic activity 

of living cells using Resazurin based assay. Resazurin (7-Hydroxy-3H-phenoxazin-3-

one 10-oxide) is an oxidation reduction indicator dye used in cell viability assays. 

Active mitochondria of living cells perform the task of bio-reduction of the dye, as 

they reduce its oxidized form (resazurin which is non fluorescent) into reduced form 

(resorufin which fluoresces pink) thus changing its colour from blue to red (O'Brien et 

al., 2000).  

 MCF-7 breast cancer cells were seeded in a 96 well plate at a density of 25000 

cells per well in 100 µL growth medium. After 24 hours of incubation in incubation 

chamber in a humidified atmosphere (having a temperature of 37 
o
C with a constant 

supply of CO2 at 5%), the previous media was removed, cells were washed with PBS 

and 100 µL of fresh growth media was added into each well. After that scheme of 

serial dilutions of different test substances in growth media was applied in triplicate, 

which means in the first three wells of 96 well plate 100 µL of test substance was 

added and mixed well with an electronic pipette, then 100 µL from these 3 wells were 

transferred into next 3 wells and so on. The serial dilution was continued until 

minimum tested concentration was achieved. At this point after mixing, 100 µL from 

the last three wells was discarded, so that the total concentration and volume should 
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remain the same in all wells. Cells in three wells were left without incubation with the 

test substances and served as positive control.  

 The test substances used in experiments with their concentration range from 

maximum to minimum were; Bafilomycin A1 (20 – 0.00488 µM), Chloroquine (50 – 

0.0122 mM), Monensin (5000 – 1.22 µM) and Amiloride (250 – 0.061 mM). 

Incubation time of cells with corresponding lysomotropic substances was same as 

used in experiments of these substances with cells i.e. 4 hours. After 4 hours of 

incubation with the test substances, cells were washed with PBS. 100 µl of 10% 

resazurin solution in growth media was added into each well of 96 well assay plate 

and incubated for 3 hours. In the last 3 wells only resazurin solution was added for 

serving as a negative control. After 3 hours of incubation, fluorescence of each well of 

microtox plate (96 well assay plates) was measured using fluorescence spectrometer, 

by exciting at 560 nm and emission spectra were recorded from 572 – 650 nm with 1 

nm resolution and a slit width of 5 nm. The mean of maximum fluorescence intensity 

values (from 578 – 585 nm; as there was maximum fluorescence intensity detected in 

this region) was taken for each concentration used (as each concentration of test 

substance was used in triplicate) and calculated their standard deviation. Standard 

deviation values were adjusted proportional to the mean values of maximum 

fluorescence intensity. The mean of the background values from 640 – 650 nm was 

taken and their standard deviation was calculated. Standard deviation values were 

adjusted proportional to the mean values of background fluorescence intensity.  For 

background correction, the mean of background values was subtracted from the mean 

of maximum fluorescence values for each sample. All values obtained with respect to 

the maximum fluorescence values were normalized. For each test reagent, the 

experiment was performed in triplicate. The mean values of the normalized 

fluorescence intensity of 3 experiments were plotted against their concentration used. 

As a result, a sigmoidal distribution was achieved which was fitted as a function of a 

logistic dose response curve to get LD50 value of each substance. 

 

 

 

 



Synthesis of Polyelectrolyte Multilayered Capsules and Use of SNARF Capsules as Sensor Inside Living Cells 

204 
 

7.4 Results and Discussion 

 Polymeric multilayered capsules carry the potential to load virtually many 

types of cargo material inside their cores, which is set free inside the cavity upon 

dissolution of the cores. Moreover their walls can be functionalized with numerous 

tags which made it easier to characterize them while using fluorescence or confocal 

microscopic techniques.   

 

Figure 7.2. Morphology of capsules (a) scanning electron micrograph of porous calcium 

carbonate core (b) scanning electron micrograph of the same core after deposition of 

(PSS/PAH)5 layers (c) scanning electron micrograph of the capsule after core dissolution and 

(d) transmission electron micrograph of the capsule after core removal. Scale bar corresponds 

to 1 µm.  
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 In Figure 7.2, general morphology of these polyelectrolyte capsules 

determined by electron microscopy is shown, which clearly reveals the porous nature 

of their cores and hollow capsules upon dissolution of the cores. Different 

fluorophores were incorporated inside the cores of these capsules to make them 

fluorescent which may help during diagnostic experiments. Rhodamine is a 

fluorescent molecule, when excited at 540 nm it emits at 575 nm. It is much less 

prone towards pH changes as compared to fluoresceins. Due to its photostability, it is 

quite useful in labeling experiments as its signal persists for longer period of time  

(Harlow and Lane, 1988; Kawamura Jr, 1977). RITC–dextran was incorporated inside 

the cores of capsules to make them fluorescent under confocal laser scanning 

microscope. In Figures 7.3 and 7.4 confocal laser scanning images of RITC-dextran 

capsules at different magnifications are shown. It is evident from the images that 

RITC-dextran resides inside the cavities of core with outside unlabeled (PSS/PAH)5 

shell.  

 

Figure 7.3. Confocal laser scanning microscope image of (PSS/PAH)5 capsules with RITC-

dextran inside the cavity.  (a) Red fluorescence channel (b) transmission channel (c) overlay 

of fluorescence and transmission channel. HeNe laser (543 nm) was used to excite the RITC. 

Scale bar corresponds to 5 µm.  
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Figure 7.4. Confocal laser scanning microscope image of (PSS/PAH)5 capsules with RITC-

dextran inside the cavity.  (a) Red fluorescence channel (b) transmission channel (c) overlay 

of fluorescence and transmission channel. HeNe laser (543 nm) was used to excite the RITC. 

Scale bar corresponds to 2 µm.  

 FITC labeled albumin (BSA-FITC) has been in use as a protease substrate (De 

Lumen and Tappel, 1970). Its main utility lies in the detection of sites of protein 

leakage in lungs (Pietra and Johns, 1996), characterization of membrane binding sites 

(Gekle et al., 1996), assessing of microvascular permeability (King-VanVlack et al., 

2003) and measurement of microvascular flow (Baker et al., 1990). 

 

Figure 7.5. Confocal laser scanning microscope image of (PSS/PAH)5 capsules with BSA-

FITC inside the cavity.  (a) Green fluorescence channel (b) transmission channel (c) overlay 

of fluorescence and transmission channel. Ar/Kr laser (488 nm) was used to excite the FITC. 

Scale bar corresponds to 10 µm.  
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Figure 7.6. Confocal laser scanning microscope image of (PSS/PAH)5 capsules with BSA-

FITC inside the cavity.  (a) Green fluorescence channel (b) transmission channel (c) overlay 

of fluorescence and transmission channel. Ar/Kr laser (488 nm) was used to excite the FITC. 

Scale bar corresponds to 5 µm.  

 Figures 7.5 and 7.6 show capsules having BSA-FITC inside their cavities. 

This BSA-FITC was obtained commercially and was not further conjugated with 

heavy molecules like dextran (500 kDa) as in the case of RITC capsules. When the 

cores were dissolved, the low molecular weight BSA-FITC tried to diffuse out the 

capsules cavities as smaller molecular weight compounds can diffuse out the capsules 

cavities fairly easily. This can be seen clearly in the confocal microscopic images of 

these capsules (Figures 7.5 and 7.6) that mostly BSA-FITC concentrated along the 

walls of capsules leaving empty cavities inside the cores.  

 FITC is an amine reactive derivative of fluorescein. It has a pKa value of 6.5 

and its fluorescence is highly dependent on pH. At or above pH 4.5, green 

fluorescence starts to appear and below pH 7 its fluorescence is significantly less as 

compared to that at higher pH values specially at pH 9 where it gives maximum 

emission peak (Chen, 1969; Emmart, 1958; Klugerman, 1965) when excited at 490 

nm. When incorporated inside the cores of capsules upon conjugation with dextran, it 

retains its pH dependent fluorescent properties as can be seen from its fluorescence 

spectra (Figure 7.7) and fluorescence microscope images with respect to different pH 

values (Figure 7.8).  
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Figure 7.7. Fluorescence emission spectra of (PSS/PAH)5 capsules having FITC-dextran 

inside the cavity with respect to pH. Spectra were obtained by exciting at 490 nm to get an 

emission maximum at 520 nm. 

 From Figure 7.7 (fluorescence spectra of FITC-dextran capsules) it could be 

seen clearly that at pH 5 there appeared a slight fluorescence emission which became 

significant at pH 6 and at pH 9 it reaches its maximum value. Overall at alkaline pH 

values it retains its maximum fluorescence intensity. At acidic pH values especially 

below 5, there was almost negligible fluorescence intensity detected. Fluorescence 

microscopic images further verified this fact. From Figure 7.8 (fluorescence 

microscope images of FITC-dextran filled capsules at different pH values), it could be 

seen clearly that at pH 3 and 4 there was almost negligible fluorescence detected, at 

pH 5 there appeared slight green fluorescence and at pH values higher than 5, the 

fluorescence intensity increased. Thus fluorescence intensity is directly proportional 

to pH i.e. by increasing pH it increases and vice versa.   
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Figure 7.8. Fluorescence microscope images of (PSS/PAH)5 capsules having FITC-dextran 

inside the cavity with respect to pH. Images were taken by using D480 30x excitation filter 

and D535 40m as emission filter. Scale bar corresponds to 5 µm.  

 Capsules containing FITC-dextran and Alexa(594)-dextran could be used for 

ratiometric measurement of FITC as FITC is not photostable  (del_Mercato et al., 

2011). In this attempt FITC was used as a sensor dye whereas Alexa 594 served as a 

reference dye. In Figures 7.9 and 7.10, fluorescence emission spectra and 

fluorescence microscopic images of the capsules having FITC-dextran and 

Alexa(594)-dextran inside their cavities are shown. Alexa is associated with the 

properties of photostability and retaining of fluorescence over a broad range of pH 

values. Here FITC gave the same trend of fluorescence intensity. Fluorescence 

emission spectra of FITC-dextran and Alexa(594)-dextran when normalized with 

respect to Alexa 594 (Figure 7.9), same pattern of fluorescence emission was 

observed as was observed in case of FITC alone (Figure 7.7).  
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Figure 7.9. Fluorescence emission spectra of (PSS/PAH)5 capsules having FITC-dextran and 

Alexa-dextran inside the cavity with respect to pH. Spectra are normalized to 610 nm (with 

respect to Alexa 594). Spectra were obtained by exciting at 490 nm and obtained an emission 

maximum at 520 nm and 610 nm with effect of FITC and Alexa 594.  
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Figure 7.10. Fluorescence microscope images of (PSS/PAH)5 capsules having FITC-dextran 

and Alexa-dextran inside the cavity with respect to pH. Green channel shows the fluorescence 

due to FITC, red channel shows the fluorescence of Alexa 594 and in their overlay both green 

and red channels are given. Images were taken by using D480 30x excitation filter and D535 

40m and 600LP as emission filters. Scale bar corresponds to 5 µm. 
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 Same trend of effect of pH was observed when fluorescence microscopic 

images of these capsules were taken (Figure 7.10). At low pH values, the 

fluorescence intensity of FITC was less and it increased with an increase in pH. Alexa 

594 served here as reference dye which showed almost same fluorescence intensity at 

all pH values. 

 For the purpose of labeling, capsules having FITC-dextran inside their cavities 

were labeled with PAH-RITC in their walls. When observed under confocal laser 

scanning microscope (CLSM), such capsules showed green fluorescence originating 

from their cavities whereas their walls were red due to RITC labeled shell. In Figures 

7.11 and 7.12, their CLSM images at various magnifications are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11. Confocal laser scanning microscope image of (PSS/PAH)3(PSS/PAH-

RITC)(PSS/PAH) capsules with FITC-dextran inside the cavity. (a) Green fluorescence 

channel (b) transmission channel (c) red fluorescence channel (d) overlay of all three 

channels. Ar/Kr (488 nm) and HeNe (543 nm) lasers were used to excite FITC and RITC 

respectively. Scale bar corresponds to 5 µm.  
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Figure 7.12. Confocal laser scanning microscope image of (PSS/PAH)3(PSS/PAH-

RITC)(PSS/PAH) capsule with FITC-dextran inside the cavity. (a) Green fluorescence 

channel (b) transmission channel (c) red fluorescence channel (d) overlay of all three 

channels. Ar/Kr (488 nm) and HeNe (543 nm) lasers were used to excite FITC and RITC 

respectively. Scale bar corresponds to 2 µm.  

 Similar to labeling with RITC, the capsules containing FITC inside their 

cavities were labeled with red quantum dots (CdSe quantum dots), which conferred 

their walls red fluorescence. Here CdSe quantum dots, which after modification with 

negatively charged surface polymer (after getting commercially) (Lin et al., 2008), 

were electrostatically adsorbed on PAH layer. Their CLSM images at various 

magnifications are shown in Figures 7.13, 7.14 and 7.15.   
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Figure 7.13. Confocal laser scanning microscope image of (PSS/PAH)3(CdSe 

Qdots/PSS/PAH)(PSS/PAH) capsules with FITC-dextran inside the cavity. (a) Green 

fluorescence channel (b) red fluorescence channel (c) transmission channel (d) overlay of all 

three channels. Ar/Kr (488 nm) and HeNe (543 nm) lasers were used to excite FITC and 

CdSe quantum dots respectively. Scale bar corresponds to 10 µm.  
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Figure 7.14. Confocal laser scanning microscope image of (PSS/PAH)3(CdSe 

Qdots/PSS/PAH)(PSS/PAH) capsules with FITC-dextran inside the cavity. (a) Green 

fluorescence channel (b) red fluorescence channel (c) transmission channel (d) overlay of all 

three channels. Ar/Kr (488 nm) and HeNe (543 nm) lasers were used to excite FITC and 

CdSe quantum dots respectively. Scale bar corresponds to 5 µm.  
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Figure 7.15. Confocal laser scanning microscope image of (PSS/PAH)3(CdSe 

Qdots/PSS/PAH)(PSS/PAH) capsules with FITC-dextran inside the cavity. (a) Green 

fluorescence channel (b) red fluorescence channel (c) transmission channel (d) overlay of all 

three channels. Ar/Kr (488 nm) and HeNe (543 nm) lasers were used to excite FITC and 

CdSe quantum dots respectively. Scale bar corresponds to 2 µm.  

 SBFI is an ion indicator which is used quite extensively for the fluorimetric 

determination of intracellular sodium ion concentrations (Meuwis et al., 1995). SBFI 

and Alexa fluor separately conjugated with dextran were used as core material for the 

fabrication of sensor capsules sensitive for sodium ions. In Figures 7.16 and 7.17, 

fluorescence emission spectra and fluorescence microscope images of these capsules 

with respect to different sodium chloride (sodium ion) concentrations are shown 

respectively.  
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Figure 7.16. Fluorescence emission spectra of (PSS/PAH)5 capsules having SBFI-dextran 

and Alexa-dextran inside the cavity with respect to different sodium ion concentrations. 

Spectra are normalized to 610 nm (with respect to Alexa 594). Spectra were obtained by 

exciting at 340 nm and obtained an emission maximum at 520 nm and 610 nm with effect of 

SBFI and Alexa 594.  

 From the fluorescence emission spectra of SBFI in the presence of different 

sodium ion concentrations (Figure 7.16), it is evident that the intensity of emission 

maxima is directly proportional to the concentration of sodium ions. When the 

concentration of sodium ions increases the intensity of emission maxima also 

increases and vice versa. Alexa flour served here as reference dye which has an 

emission maxima independent of the concentration of analyte of interest i.e. sodium 

ions. Similar trend of sensing the concentration of sodium ions was observed from the 

fluorescence microscopic images (Figure 7.17) of these capsules in the presence of 

different sodium ions concentrations. 
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Figure 7.17. Fluorescence microscopic images of (PSS/PAH)5 capsules having SBFI-dextran 

and Alexa-dextran inside the cavity with respect to different sodium ions concentrations. 

Green channel shows the fluorescence due to SBFI, red channel shows the fluorescence of 

Alexa 594 and in their overlay both green and red channels are given. Images were taken by 

using D340-26 excitation filter and 600LP as emission filter. Scale bar corresponds to 5 µm.  

 SNARF which is sensitive towards the concentration of protons has an 

additional advantage of ratiometric measurements over other fluorophores described 

so far. It has a pKa value of 7.5 (Han and Burgess, 2010). After incorporation inside 

the cavity of the capsules, the dye retained its fluorescence characteristics with respect 

to changes in pH. When excited at 540 nm it gave two emission peaks; one at 580 nm 

(green/ yellow fluorescence region) and second at 640 nm (red fluorescence region) 

which is evident from its fluorescence emission spectra at different pH values given in 

Figure 7.18. 
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Figure 7.18. Fluorescence emission spectra of (PSS/PAH)5 capsules containing SNARF-

dextran inside the cavity with respect to different pH values. Spectra were obtained by 

exciting at 540 nm and obtained an emission maximum at 580 nm and 640 nm with effect of 

different pH values.  

 From Figure 7.18, it could be seen clearly that at low pH values SNARF gave 

emission maxima at 580 nm. As the pH value increased the emission maxima peak at 

580 nm decreased in intensity. At pH 7, emission maxima peak significantly 

decreased its intensity at 580 nm and a shift of the fluorescence emission peak at 640 

nm was observed. On further moving towards alkaline pH regime from pH 8 onward, 

the peak of emission maxima clearly shifted from 580 to 640 nm. This dependence of 

the peak of emission maxima of SNARF loaded capsules towards changes in pH is 

very advantageous for sensor based cellular studies as the dye alone can be used for 

ratiometric measurements without any additional reference fluorophore (Balut et al., 

2008; del_Mercato et al., 2011; Masuda et al., 1998).  The fluorescence microscopic 

images of SNARF capsules at different pH values are given in Figure 7.19 (a) and 

(b), from where pH dependent fluorescence properties of these capsules could further 

be justified. 
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Figure 7.19(a). Fluorescence microscope images of (PSS/PAH)5 capsules having SNARF-

dextran inside the cavity with respect to different pH values. Images were taken by using 

D340-26 excitation filter and D580/25 and D640/25 as emission filters for 580 nm and 640 

nm respectively. Scale bar corresponds to 5 µm.  
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Figure 7.19(b). Fluorescence microscope images of (PSS/PAH)5 capsules having SNARF-

dextran inside the cavity with respect to different pH values. Images were taken by using 

D340-26 excitation filter and D580/25 and D640/25 as emission filters for 580 nm and 640 

nm respectively. Scale bar corresponds to 5 µm.  
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 In Figure 7.19, green channel shows more fluorescence at lower pH values, 

red channel shows more fluorescence at higher pH values and in their overlay both 

green and red channels are shown, describing cumulative pH sensitivity trend of both 

channels. Before using these capsules as long term pH sensor inside the cells, it was 

necessary to determine their pH calibration curves from their fluorescence microscope 

images at different pH values to confirm the dependence of their fluorescence values 

on pH. For this purpose their red/green fluorescence intensity ratio was plotted against 

pH values and were fitted with Boltzmann function (Zhang et al., 2010) given below. 

 

 

 Where Y stands for R/G ratio, x0 is point of inflection (POI) i.e. the pH value 

where there is a significant change from red to green and vice versa, dx is the slope at 

POI, A1 and A2 shows minimum and maximum ratio values at titration end point. In 

Figure 7.20 (a) and (b), pH calibration curves for two batches of SNARF capsules are 

given, which were used during the experiments. And their corresponding values as 

determined by Boltzmann distribution function are given in tables 7.1 and 7.2 

respectively. 

 

Figure 7.20. pH calibration curves of 2 batches (a) and (b) of SNARF capsules. R/G ratio of 

normalized fluorescent intensity is plotted against pH values to get point of inflection after 

fitting it by Boltzmann distribution curve.  
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Tables (7.1) and (7.2) showing different parameters along their values and errors as 

determined by fitting the pH calibration curves of 2 batches (a) and (b) of SNARF 

capsules by Boltzmann distribution curves. 

                         Table 7.1     Table 7.2 

Parameter Value Error  Parameter Value Error 

A1 0.21299 0.00608  A1 0.11324 0.01022 

A2 0.98904 0.01032  A2 1.00775 0.01694 

x0 7.71358 0.0303  x0 7.8894 0.03548 

dx 0.3323 0.02392  dx 0.33572 0.04366 

 

 From the Boltzmann curve, the point of inflection of two batches of SNARF 

capsules i.e. (a) and (b) was found to be 7.7 and 7.8 respectively which is close to its 

pKa value i.e. 7.5. After determination of POI of different batches of SNARF 

capsules, they were used in cellular experiments. Details of all experiments are 

provided in methodology (section # 7.3.3). For image processing and data evaluation 

by using Image J program to see the effect of different reagents on the pH value of 

lysosomes to determine kinetics of these reagents, the cells were enumerated so that 

during whole evaluation process cells can be distinguished from one time point to the 

next one (whole process and steps of image processing and data evaluation are given 

in methodology (section # 7.3.3)). In Figure 7.21, selection and enumeration of cells 

at one position at different selected time points are given. During evaluation of a 

single image, all channels (green fluorescence, red fluorescence, phase contrast and an 

overly of all 3 channels) were opened for measuring the intensity of fluorescence in 

green and red fluorescence channels and their overlay was used for marking ROIs 

around each fluorescent capsule. These 4 channels at one time point during the 

evaluation of one position are shown in Figure 7.22. All the description of image 

processing and data evaluation is given in methodology (section # 7.3.3), a screenshot 

of Image J with active commands is also given in Figure 7.23. 
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Figure 7.21(a). The results of an experiment showing enumeration of cells and the effect of 

Chloroquine throughout one position during one experiment, images shown here are at time 

(a) 0 hour, (b) 4 hour, (c) 23 hour, (d) 24 hour. At time 24 hour Chloroquine was added.  
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Figure 7.21(b). The results of an experiment showing enumeration of cells and the effect of 

Chloroquine throughout one position during one experiment, images shown here are at time 

(after Figure 7.21(a)), (e) 25 hour, (f) 26 hour, (g) 27 hour, (h) 28 hour. At time 24 hour 

Chloroquine was added so the time intervals after the addition of Chloroquine are (d) 0 hour, 

(e) 1 hour, (f) 2 hour, (g) 3 hour and (h) 4 hour. After 28 hours of experiment Chloroquine 

was removed and new media was added after washing the cells with PBS.  
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Figure 7.21(c). The results of an experiment showing enumeration of cells and the effect of 

Chloroquine throughout one position during one experiment, images shown here are at time 

(after Figures 7.21(a) and (b)), (i) 29 hour and  (j) 50 hour. Experiment was completed at 50 

hours.  
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Figure 7.22. Four channels of an image of fluorescence microscope showing the interaction 

of SNARF capsules with cells at one position and at specific time interval (a) overlay of all 

three channels (i.e. transmission, green fluorescence and red fluorescence channels), (b) 

transmission channel, (c) green fluorescence channel and (d) red fluorescence 

channel. 
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Figure 7.23. Figure showing screenshot of the evaluation process using image J program. 

Basic windows opened with active commands during evaluation process are shown here. (a) 

Image J main window, (b) showing macro which was used to mark ROIs during evaluation, 

(c) and (d) showing overlay channel and red channel of an image respectively with active 

ROIs, circular and irregular shaped ROIs are around the capsules, large rectangles are around 

the background outside the cells whereas small rectangles are around the background within 

the cells, (e) ROI manager in which the command measure is pressed when table of results is 

required, (f) table of results from where values of pixel intensity were obtained and 

transferred to excel sheet.   

 All the test substances (Bafilomycin A1, Chloroquine, Monensin and 

Amiloride) used in the experiments showed different kinetics inside the cells. For 

getting curves showing their mode of action for the whole time period of experiments, 

the values of R/G ratio of internalized capsules, as obtained after image processing 

and data evaluation, were plotted against incubation time. For the purpose of 

comparison the same process was performed with the outside capsules. In all cases the 

R/G ratio of internalized capsules before the addition of test substances was very 

close to each other as could be seen from Figures 7.24 - 7.29. In some cases this ratio 

slightly decreased over time due to photobleaching (Kreft et al., 2007). But 
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photobleaching was much more pronounced for outside capsules because they were 

directly exposed to light. In all experiments (Figures 7.24 - 7.31) R/G ratio of outside 

capsules decreased over time until it reached to some almost constant value. Their 

initial high R/G ratio was due to slightly alkaline pH of the cell media (pH 7.8), after 

repeated exposure to light this ratio decreased over time as the pH of cell media was 

carefully maintained constant before the addition of test substances and soon after 

their removal. For checking the actual effect of test substances control experiments 

were also performed in which no substance was added. Moreover all the time (even in 

the presence of test substances) the R/G ratio of internalized capsules was compared 

with the outside capsules to negate any artifact associated with the measurement and 

to show that the change in the R/G ratio or pH of internalized capsules was due to the 

presence of the tested substances. Extracellular control capsules served very important 

task of reducing the effects associated with photobleaching and substituting absolute 

method of measurements with relative measurements.  

 Different stimulating agents affected intralysosomal pH differently. 

Bafilomycin A1 increased the lysosomal pH to the level of extracellular pH. The 

lysosomal pH remained higher even after rinsing out the Bafilomycin A1 as shown in 

Figures 7.24 and 7.25.      
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Fiure 7.24. Effect of Bafilomycin A1 on intralysosomal pH values. The ratios of red to green 

fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 

 

 

 

 

 

 

 

 

 

 

Figure 7.25. Effect of Bafilomycin A1 on intralysosomal pH values. The ratios of red to 

green fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 
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 Bafilomycin A1 is an inhibitor of the activity of V-ATPase; a proton pump 

present in plasma as well as intracellular membranes (Bidani and Heming, 1995). In 

macrophages, it induces the secretion of lysosomal enzyme by inhibiting lysosomal, 

phagosomal and plasma membrane H
+
-ATPases (Tapper et al., 1995). ATP helps to 

fuel the primary transport of ions against their electrochemical gradient. ATP is 

hydrolysed by V-ATPases as a result of which a proton gradient is established that is 

basically responsible for the acidification of intracellular compartments. Upon the 

addition of Bafilomycin A1, the effect of V-ATPases was abolished irreversibly and 

an increase in pH value was observed which remained high even after its removal. So 

it can be inferred that the availability of H
+
 and V-ATPase are necessary for the 

regulation of intralysosomal pH over longer periods of time.  

 

Figure 7.26. Effect of Chloroquine on intralysosomal pH values. The ratios of red to green 

fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 

 The effect of Chloroquine on the pH of lysosomes is shown in Figure 7.26. 

The effect of Chloroquine is similar to Bafilomycin A1. But in the case of addition of 

Chloroquine, a rapid intralysosomal pH increase was observed, after one hour of 
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incubation with Chloroquine this effect was much more pronounced, however, the 

intralysosomal pH begin to decrease after one hour but still it was higher as compared 

to outside and baseline value. After removal of Chloroquine, the lysosomal pH value 

reverted back to its original value. Chloroquine is a weak base which has the ability of 

neutralization of lysosomes after accumulation in it (Wadia et al., 2004). Chloroquine 

crosses the cellular membranes in its deprotonated form until it reaches the lysosomes 

where it gets protonated. In its protonated form, it is unable to escape the lysosomes 

which resulted in the increase of intralysosomal pH values. Chloroquine is 

lysomotropic in true sense due to its tendency of positive tropism for the lysosomes.  

 Monensin just like Chloroquine showed an increase in lysosomal pH but the 

increase persisted at high level throughout its presence i.e. 4 hours. Upon its removal 

its effect was immediately reverted back and intralysosomal pH value reached to its 

base line again (Figure 7.27). 

 

Figure 7.27. Effect of Monensin on intralysosomal pH values. The ratios of red to green 

fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 
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 Monensin helps in the influx of cations into the cells thus acting as an 

ionophore just like other polyether antibiotics. As an ionophore, it shows high affinity 

towards cations particularly for sodium ions. It is a Na
+
/H

+
 antiporter due to its ability 

of transporting cations through cellular membranes. The increase in alkalinisation of 

the media was due to disruption of regular intracellular Na
+ 

and H
+ 

gradients due to 

the presence of Monensin (Mollenhauer et al., 1990). 

 In case of incubation with Amiloride (an inhibitor of sodium proton 

exchanger), no increase in intralysosomal pH was observed at least under the given 

experimental conditions (Figures 7.28 and 7.29). As R/G ratio of all intracellular 

capsules remained the same just as base line value (before addition and after removal 

of Amiloride). Whereas extracellular capsules showed similar photobleaching effect 

as was observed in the case of other experiments. It is actually a potassium sparing 

diuretic drug which blocks the epithelial sodium channel thus blocking the Na
+
/H

+
 

exchanger indirectly (Mano et al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.28. Effect of Amiloride on intralysosomal pH values. The ratios of red to green 

fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 
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Figure 7.29. Effect of Amiloride on intralysosomal pH values. The ratios of red to green 

fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 

 It can be concluded that if Amiloride is involved in the regulation of pH of the 

organelles involved in endocytic process then sodium proton pump must be Amiloride 

insensitive. Different isoforms of sodium proton exchanger show different sensitivity 

towards Amiloride (Masereel et al., 2003). The distribution of these sodium proton 

exchangers inside the cells and tissues is not defined until now. Non-availability of 

binding sites of these sodium proton exchangers for Amiloride due to experimental 

conditions also cannot be negated. It can be conferred that the sodium proton 

exchangers responsible for intravesicular acidification are located on the extracellular 

sites whereas the sensor capsules were located intracellularly (Hackam et al., 1997).  
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Figure 7.30. Control experiment in which no reagent was added. The ratios of red to green 

fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 

Figure 7.31. Control experiment in which no reagent was added. The ratios of red to green 

fluorescence for extracellular and intracellular capsules with corresponding standard 

deviations are plotted against time. 
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 The effects of various substances were further verified by control experiments 

in which no reagent was added. From the results of control experiments (Figures 7.30 

and 7.31), it is confirmed that the increase in the pH values of lysosomes was due to 

added substances and was not due to imaging artifact or due to experimental 

conditions.  

 The doses of tested substances were given to the cells far below their LD50 

values as determined by cytotoxicity experiments. For this purpose cytotoxicity 

measurements were performed on the basis of metabolic activity of living cells using 

Resazurin based assay. Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide) is 

oxidoreduction indicator dye. Active mitochondria of living cells perform the task of 

bioreduction of the dye, as they reduce its oxidized form (resazurin which is non 

fluorescent) into reduced form (resorufin which fluoresces pink) thus changing its 

colour from blue to red. So the dye serves as oxidation reduction indicator (O'Brien et 

al., 2000).  

 Functional mitochondria of living cells are required for this purpose. As 

mitochondria become inactivated within a few minutes after cell death, so this method 

provides an excellent tool on the basis of which live cells can be discriminated from 

the dead cells. The fluorescence obtained as a result of this assay is directly 

proportional to the number of live/ viable cells. Incubation time with resazurin was 

chosen very carefully as living cells metabolize resazurin inside them but the 

fluorescent product resorufin produced is transported outside the cells where it 

accumulates in the cell media. When whole resazurin is metabolized, the living cells 

began to convert resorufin into hydroresorufin which is non-fluorescent and greater 

mistakes can arise due to over metabolism of resazurin as the test is based on 

measuring fluorescence intensity (O'Brien et al., 2000). It was also necessary to treat 

the cells 1
st
 with tested substances for the required period of time and then with 

resazurin solution. Serious mistake could arise if in the beginning the viable cells 

could produce resorufin and can be considered viable no matter that after treatment 

with the tested substances they were died. In these experiments incubation time of the 

cells with the tested substances was 4 hours, the resorufin thus produced in the 

beginning could be converted into hydroresorufin hence creating another mistake of 

producing nonfluorescent product at the end. So 1
st
 incubated the cells with the tested 

substances for 4 hours as was the requirement of the experiments with the cells, and 

then incubated for 3 hours with resazurin. Soon after incubation time with resazurin 
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was over, the 96 well assay plates were analyzed to measure the fluorescence of the 

resorufin or to calculate the number of viable cells. Then plotted a graph between the 

concentrations of different lysomotropic substances against their normalized 

fluorescence values and obtained LD50 value of each substance from the sigmoidal 

curve (logistic dose response fit). The results were semi-logarithmic and each 

represented a non-linear regression analysis for the sigmoidal function given below. 
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 Here y is the value of the normalized fluorescence intensity, x stands for 

concentration of the test substance, x0 is the point of inflection which shows LD50, A1 

and A2 determine the y-intercept where A1 is the maximum value of y-intercept and 

A2 shows minimum value along the same y-intercept and p shows the slope of the 

function. 

 Fluorescence emission spectra (Figure 7.32) of the mean of 3 cytotoxicity 

experiments for each reagent (each concentration was also tested in triplicate in each 

experiment) show a trend of the action of various concentrations of these substances 

on the viability of cells, which is directly proportional to the fluorescence signal here. 
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Figure 7.32. Fluorescence emission spectra of resorufin in the presence of different 

concentrations of each substance. Blank represents the spectra of resazurin in the absence of 

cells (a) concentrations of Bafilomycin A1 (µM), (b) concentrations of Chloroquine (mM), (c) 

concentrations of Monensin (µM) and (d) concentrations of Amiloride (mM). 

 The results of semi logarithmic fit for each substance from where LD50 value 

was calculated are given in Figure 7.33. From these results, it can be inferred that all 

tested doses of Bafilomycin A1 and Monensin did not show any effect on the viability 

of cells under the given experimental conditions. Concentration dependent toxic effect 

was exhibited by Chloroquine and Amiloride under the given tested concentrations 

and experimental conditions. LD50 values of Chloroquine and Amiloride were found 

to be 3.8 mM and 14.3 mM respectively which were far above the concentrations used 

in the experiments i.e. 100 M and 3 mM of Chloroquine and Amiloride respectively.  
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 Figure 7.33. Results of biocompatibility assays of the test substances. After normalizing the 

peaks of maximum fluorescence intensity signals (Figure 7.32) of different concentrations of 

the test substances with their corresponding standard deviations for all experiments (3 

experiments for each substance and each concentration was tested in triplicate) and plotting 

against the concentrations of each substance tested. From the sigmoidal curves LD50 value of 

each substance was determined.  

 The standard deviations for individual experiments were much less as 

compared to the combined values of all 3 experiments, so these high values due to 

individual experiment fitting may be neglected. The results of logistic fitting for 

Chloroquine and Amiloride are given in tables 7.3 and 7.4 respectively. 
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Tables (7.3) and (7.4) showing different parameters along their values and errors as 

determined by logistically fitting the curves of the tested concentrations of 

Chloroquine and Amiloride respectively. 

                         Table 7.3     Table 7.4 

Parameter Value Error  Parameter Value Error 

A1 0.62235 

 

0.088828 

 

 A1 0.68634 

 

0.07921 

A2 0.25583 0.15615 

 

 A2 -0.02012 

 

0.14196 

x0 3.825 

 

0 

 

 x0 14.31726 

 

6.9 

dx 2.73769 

 

6.7799 

 

 dx 2.56558 

 

  2.8 

 

7.5 Conclusion and Future Perspectives 

 Polyelectrolyte multilayered capsules have many potential applications 

including those in gene/ drug delivery and in sensing depending upon the nature of the 

loaded cargo inside their cores/ cavities or incorporated in their shell. SNARF based 

sensor capsules can be used non-invasively for some days for real time monitoring of 

the lysosomal pH. By means of this reporter system, time dependent changes upon 

stimulation inside the lysosome were observed. Relatively large size of capsules (in 

µm) made it easier to use them as reporters inside lysosomes under fluorescence 

microscope (optical microscopy). However for using some system as reporters inside 

cytoplasm needs small sized capsules. Capsules of the order of until 100 nm could be 

made by only varying synthesis conditions, however for locating them inside cells 

electron microscopy is required which itself posed certain limitations (live imaging of 

sample is a challenge). Multiplexed imaging is also possible by using a barcode on the 

surface of capsules and reporters for small molecules and different ions could be 

produced (Abbasi et al., 2011; Kreft et al., 2007; Rivera Gil et al., 2008). Moreover 

inside the capsules cavities analyte sensitive molecules can be loaded which can be 

detected by SERS instead of fluorescence microscopy (Kneipp et al., 2010; Sanles-

Sobrido et al., 2009). The method of real time monitoring of intracellular ionic 

concentration can lead significantly towards monitoring multiplexed analyte 
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concentration inside cells by providing an initial step towards this direction though 

this target is still far to achieve even in vitro.  
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